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Abstract
The human genome contains an astonishingly large fraction of noncoding DNA,
which is pervasively transcribed into thousands of long noncoding RNAs (lncRNAs)
– long transcripts with no discernible protein-coding potential. However, little is
known about lncRNAs’ biological functions, and their genome annotations show ev-
ident signs of inadequacy: existing gene models are sketchy, and many lncRNAs
remain uncatalogued. This annotation incompleteness hampers lncRNA functional
characterization, notably by failing to accurately describe gene boundaries. To ad-
dress this issue, the present work aims to advance towards a complete and accurate
annotation of lncRNA genes in the human genome. Using a high-throughput, tar-
geted long-read transcriptome sequencing methodology, this study uncovers thou-
sands of novel lncRNAs, approximately doubling the annotated transcript complex-
ity within targeted loci. The method presented vastly outperforms competing tech-
niques in accuracy, and precisely maps many previously unknown, strongly sup-
ported lncRNA transcript boundaries. This augmented catalog provides the most
definitive view of the genomic properties of lncRNAs to date, while contributing a
robust foundation for future lncRNA functional characterization.
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2 INTRODUCTION
I
From Mendel’s garden to whole-genome
sequencing: a brief historical perspective
A genome encodes the information necessary for its host organism’s development
and physiological operation over its entire lifetime – namely, its phenotype. Since
Mendel’s breeding experiments established the concept of discrete inheritable units1
– later coined genes by Johannsen2 – in the second half of the nineteenth century,
relating genes and phenotypes has been the raison d’être of Genetics.
Mendel and his contemporaries were unaware of the cytological – let alone molec-
ular – basis of heredity. Mendel’s laws of heredity went largely unnoticed or misun-
derstood by the scientific community during almost four decades after the Mora-
vian monk published his seminal work3. Soon after their rediscovery, Sutton4,5 and
Boveri6 independently suggested the chromosomes to be the carriers of genetic infor-
mation, thereby introducing the chromosome theory of heredity. Studying grasshop-
pers’ germ cell division, Sutton directly made the connection between his observa-
tions and Mendel’s theoretical framework. He aptly concludes his 1902 paper with
the following statement:
"[...] the association of paternal and maternal chromosomes in pairs and their
subsequent separation during the reducing division [...] may constitute the phys-
ical basis of the Mendelian law of heredity."4
Originally met with controversy, the chromosome theory was later validated suc-
cessively by Carothers7 and Morgan8. Naturally, assigning such a crucial genetic role
to chromosomes drove scientists towards studying them in more depth. Sticking to
a strict etymological definition of genomics (the study of genomes), one might argue
that it marked the birth of this discipline.
Early efforts to map genetic markers onto the genome came to fruition in the
1910s. Sturtevant and Morgan, by investigating patterns of gene co-segregation over
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generations of Drosophila melanogaster populations, were able to produce the first ge-
netic map (Figure 1)8,9. Their so-called linkage maps relied on the assumption that the
closer physically genes are on a chromosome, the lower their chance of being sep-
arated from each other during meiotic crossover, and hence, the higher their prob-
ability of being inherited together. Morgan’s team could thus estimate the relative
distances that separate genes on Drosophila chromosomes. The mere ability to build
such consistent maps was highly significant: it meant that genes were linearly ordered
along chromosomes.
Figure 1: Sturtevant’s genetic map of six Drosophila sex-linked genes
on their chromosome. Top row (traits, modern nomenclature between
parentheses when applicable): B, "Black body" ("Yellow body"); C,
"Eye color" ("White eyes"); O, "Eosin eyes" ("White eyes"); P, "Vermil-
ion eyes"; R, "Miniature wings"; M, "Rudimentary wings". Bottom
row: distance. The unit of distance is taken as a portion of the chro-
mosome of such length that, on average, one cross-over will occur in
it out of every 100 gametes formed. That is, percent of cross-overs is
used as an index of distance. Reproduced from9.
Decades more were necessary to progress from Morgan and Sturtevant’s
painstakingly assembled linkage maps to nucleotide-resolved, annotated genome
sequences. DNA’s basic chemistry – a polymer of adenine (A), cytosine (C), guanine
(G) and thymine (T) – had been described long before10; yet, its biological role was
still obscure. DNA finally came to prominence when it was proposed by Avery
and colleagues as the likely biomolecular basis of heredity11. The hypothesis was
confirmed in 1952 with the Hershey-Chase experiment12, and shortly after by Watson
and Crick13. After detailing their double helix model and its associated A-T G-C
base complementarity rules, the British-American pair note:
"It has not escaped our notice that the specific pairing we have postulated
immediately suggests a possible copying mechanism for the genetic material."13
As a direct connection between chromosomes, DNA and heredity was finally es-
tablished, resolving DNA sequences became imperative. The concept of a genetic pro-
gram governing an organism’s development, as formulated by Jacob, Monod14 and
Mayr15 in 1961, added momentum to this enterprise. Watson and Crick’s discovery
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also paved the way for first-generation DNA sequencing methods, which were devel-
oped in the late seventies by Maxam, Gilbert16 and Sanger17,18. Those were quickly
applied to decoding the genomes of simple organisms, and subsequent gradual im-
provements and democratization of sequencing and molecular biology techniques
enabled the tackling of increasingly complex genomes (see summary timeline in Ta-
ble 1; for a more complete history of DNA sequencing methods, see Heather and
Chain19).
Organism Domain Haploid
genome size
Date finished Remarks References
MS2 Virus (RNA) 3.5 kb 1976 First genome 20
φX174 Virus (DNA) 5.4 kb 1977 First DNA genome 21
H. influenzae Prokaryote 1,8 Mb 1995 First genome of a
free-living organism
22
S. cerevisiae Eukaryote 12 Mb 1996 First genome of a
eukaryote
23
C. elegans Eukaryote 97 Mb 1998 First genome of a
multicellular organism
24
D. melanogaster Eukaryote 120 Mb 2000 25
H. sapiens Eukaryote 3 Gb 2001 26,27
M. musculus Eukaryote 2,5 Gb 2002 28
Table 1: Timeline of some landmark whole-genome sequencing
projects.
Yet, a bare sequence of As, Ts, Gs and Cs is next to useless in the context of biologi-
cal research; in other words, a genome’s sequence (namely, its data) is only as valuable
as its annotation (i.e., its associated metadata). Moving to an interpretable genome se-
quence requires to locate genes and other landmarks on the genome, assigning them
biological functions and describing their regulation, to name a few. These are some
of the most important challenges at the heart of genome annotation.
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II
Gene annotation in the genomic era
If Sturtevant and Morgan can be credited with producing the first genome maps,
a fundamental distinction needs to be made between those and present-day, high-
resolution genome annotations. The two proceed from opposite approaches: because
the early Drosophila geneticists were unaware of the biochemical nature of the genetic
material, they mapped phenotypic traits to the genome. In contrast, the modus operandi
of modern genomics consists in first defining a genotype, then investigate how pheno-
typic traits emerge from it – a process called reverse genetics. To put it another way,
it is concerned with relating each nucleotide in a genome to its biological function.
This procedure is slow: today, in the so-called genomic era, there remain thousands
of identified genomic features whose function is unknown, even in extremely well-
studied organisms (see e.g. Wood et al.29).
Recent large-scale genomic studies have also prompted the expansion and redefi-
nition of the term "gene": it is no longer merely an abstract unit of heredity, as defined
by classical genetics. Rather, a gene is nowadays generally defined as a genomic re-
gion encoding a set of overlapping functional products, usually RNA transcripts – a
more practical, but still imperfect working definition for modern genomics30.
The process of genome annotation can be roughly subdivided into three consecu-
tive layers31, as summarized in Figure 2:
1. Nucleotide-level annotation: This first step consists in precisely locating ge-
nomic landmarks – genes, transcripts, repeats, promoters, enhancers, etc. Gene
finding is one of the most critical components of nucleotide-level annotation.
Gene finding in prokaryotic genomes is relatively straightforward, due to their
extreme compactness: in the bacterium Escherichia coli, for example, the aver-
age distance between adjacent genes is only 118 base pairs32. To summarize,
once a bacterial genome is assembled, finding protein-coding regions relies, for
the most part, on finding open reading frames (ORFs) longer than a certain
threshold, in silico. Because prokaryotic noncoding RNA (ncRNA) genes are
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usually very well conserved evolutionarily, they are also readily identifiable. In
eukaryotes, the low gene density, combined with the presence of introns and
alternative splicing, significantly hampers the task of finding both coding and
ncRNA genes (see Section II.1).
2. Product-level annotation: When a genomic feature is expressed into a prod-
uct in the cell, such as an RNA and/or a polypeptide, the identification of this
product is carried out at this point. This is usually achieved through sequence
homology – searching the sequence in question against a database of known
protein or RNA molecules, under the assumption that sequence conservation
implies function conservation.
3. Process-level annotation: At this final stage, gene products are assigned a func-
tion; that is, they are integrated into the broader framework of the cell and or-
ganism’s physiology. Automated in silico methods aimed at predicting gene
function exist, mainly for coding sequences33,34. However, in the absence of
clues gathered by these computational tools, this step involves more laborious
molecular biology techniques. Broadly speaking, these generally consist in dis-
rupting the expression or sequence content of the gene of interest, followed by
the study of the phenotypic consequences of the perturbation. Such methods
include mutagenesis, gene knock-out (i.e., inactivation of a gene at the DNA
level), knock-in (i.e., insertion or replacement of a gene in the genome) and
knock-down (i.e., gene silencing at the RNA level).
Naturally, this basic annotation workflow needs to be adapted to non-standard
cases. A very low level of sequence conservation, for example, might make product-
level annotation of a given gene unworkable. This step may be consequently skipped
altogether, and one may need to proceed directly to process-level – that is, functional
– annotation. Similarly, functional annotation can in principle be directly inferred
from product-level annotation if the product in question shows homology to an al-
ready well-characterized biomolecule – i.e., an RNA or a protein – from another or-
ganism. In fact, it is estimated that 98% of the entries in Gene Ontology – the most
widely used gene function annotation database – are inferred using computational
means only35. On the other hand, nucleotide-level annotation and gene finding, the
focus of the present work, arguably constitute the indispensable groundwork of any
functional genomic study.
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Figure 2: The three layers of genome annotation. See text for details
(nomenclature and figure inspired by31)
II.1. Gene finding in eukaryotic genomes
Gene finding is at the core of nucleotide-level genome annotation – henceforth sim-
ply referred to as annotation. Given the size and complexity of eukaryotic genomes,
gene annotation techniques always incorporate an important computational compo-
nent, and can be roughly subdivided into de novo (i.e., using solely genome sequences
as input) and evidence-based (i.e., using both genomic and external, non-genomic evi-
dence) methods.
II.1.1. De novo gene prediction
As is the case with bacterial genomes, a draft annotation of eukaryotic genomes can
be obtained with computational methods using intrinsic genomic evidence only. A
subtype of these de novo methods, labeled ab initio, consists in only using the infor-
mation contained in the genome sequence of interest. From a practical standpoint,
this is by far the most straightforward approach for the annotator. However, ab initio
gene finding is considerably more challenging – and as a result, less accurate – in
eukaryotes than in bacteria or viruses, notably because of the typically more complex
structure of eukaryotic genes (Figure 3). In vertebrates, for instance, genes are usu-
ally composed of short exons, interspersed with much longer introns. Human genes
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are an apt illustration of this tendency, where exons are on average 249 basepairs
(bp)-long, while the intron average length is 6,450 bp. Moreover, recent estimates
point to less than 5% of the ∼3 billion bp that compose the human genome being
exonic. When only considering the protein-coding portion of exons, this percentage
falls even lower (1.1%) 1.
Figure 3: Gene structure and RNA maturation in prokaryotes and eu-
karyotes. In prokaryotes, the RNA is considered mature straight after
transcription. In eukaryotes, both exons (blue boxes) and introns (gray
boxes) are first transcribed, then introns are excised from the prema-
ture RNA during the splicing process.
Since a gene’s biological product is encoded exclusively in its exons, gene annota-
tion implies not only mapping genes, but also precisely delineating their exon/intron
structure. It should then appear clearly that, from a computational gene finding per-
spective, the signal (exons) to search for is deeply buried in noise (intronic and in-
tergenic sequences). The situation is further complicated by alternative splicing, a
pervasive phenomenon in vertebrates by which a gene is processed into multiple,
distinct transcripts37,38 (Figure 4).
II.1.1.1. Coding gene prediction
Even protein-coding gene finding, a trivial undertaking in prokaryotes, is strongly
impeded by the presence of introns and the resulting lack of ORF contiguity in eu-
karyotic genomes. Therefore, to obtain best results, ab initio eukaryotic gene pre-
dictors must rely on sophisticated mathematical models – such as hidden Markov
models, conditional random fields and machine learning techniques – to detect splic-
1Statistics calculated from the GENCODE Human reference annotation (https://www.
gencodegenes.org)36, version 21 (release: 2014).
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Figure 4: Alternative splicing and transcript diversity. In eukary-
otes, one gene can give rise to multiple, distinct mature RNA prod-
ucts through alternative splicing. The gene (dark gray box) is tran-
scribed into a primary RNA transcript composed of putative introns
(light gray boxes) and exons (colored boxes). Introns can be differen-
tially spliced out to produce a variety of alternative, mature transcript
isoforms.
ing signals and sequence signatures characteristic of coding regions (see Brent39 for
a review). In practice, ab initio programs – examples of which include GeneID40
or GENSCAN41 – tend to identify individual coding exons reasonably well. Nev-
ertheless, they usually fall short of accurately chaining these into full-length ORFs,
as demonstrated by the EGASP (ENCODE Genome Annotation Assessment Project)
experiment42.
There are, in addition, at least two other important facets of gene finding where
ab initio algorithms perform particularly poorly: alternative splicing and untranslated
region (UTR) prediction. Because alternative splicing is regulated not only by cis se-
quence signals but also by trans-acting factors highly contingent on the cellular con-
text, it is still near-impossible to predict from genomic sequence alone, despite recent
efforts to decipher a so-called "splicing code"43,44. Therefore, prediction programs
have no other option than to simply ignore alternative isoforms, and output only
what they consider to be the most likely chain of coding exons. On the other hand,
UTRs – transcribed regions upstream and downstream of the ORF in coding genes,
see Figure 5 – which are major players in post-transcriptional gene regulation45,46, are
less constrained and notoriously difficult to model at the sequence level, compared to
coding regions. As a result, UTR computational predictions are wildly inaccurate, to
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Figure 5: Protein-coding gene structure in eukaryotes. The pre-mRNA
contains exons (colored boxes) as well as introns. The ORF, which
specifies the protein’s aminoacid sequence through blocks of coding
sequences (CDS), is flanked by untranslated regions (UTRs) on both
sides.
the extent that ab initio software generally do not even attempt to report them39,42,47.
UTRs can be of considerable length (Table 2), and the inability to correctly predict
them prevents the identification of potentially important post-transcriptional regu-
latory elements frequently contained in their sequences, including binding motifs,
microRNA response elements and RNA secondary structures45,48.
Organism 5’ UTRs 3’ UTRs
N Median Mean Maximum N Median Mean Maximum
H. sapiens 86,836 92 145 5,545 59,519 416 956 32,873
M. musculus 54,850 92 139 8,962 40,430 491 950 39,400
Table 2: Transcript UTR length in H. sapiens and M. musculus. The
number (N), median, mean and maximum length (in nucleotides) of
5’ and 3’ UTRs are indicated for human and mouse, as observed in
the GENCODE annotation. See Supplementary Methods for further
details.
II.1.1.2. Noncoding RNA gene prediction
It emerges from the above that ab initio approaches generally fail at providing an ac-
curate picture of protein-coding regions in a genome. To make matters worse, their
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performance appears even poorer with respect to noncoding RNA genes, with the
exception of a few well-characterized RNA species like ribosomal RNAs (rRNAs),
transfer RNAs (tRNAs), small nucleolar RNAs (snoRNAs) and microRNAs. From
a computational standpoint, most ncRNAs share a lot of similarities with the UTRs
of coding transcripts, leading to comparable difficulties in predicting them (see Sec-
tion II.1.1.1). Besides the absence of protein-coding potential, these include lower
evolutionary conservation and lack of good mathematical models to detect them, for
example. Furthermore, the absence of an open reading frame makes it difficult to
assess the completeness of a noncoding transcript model. In other words, the "gram-
mar" of RNA is much less well understood than that of protein-coding sequences,
and this substantially impacts ncRNA prediction.
Genome-wide ab initio ncRNA prediction approaches generally attempt to detect
thermodynamically stable structures49. This is because although RNAs can act as
linear sequences, they also often fold into secondary and tertiary structure to per-
form their function. These methods, however, dramatically lack in accuracy, as ran-
dom RNA sequences tend to fold into stable structures just as well as functional
RNAs50. In addition, some ncRNAs, particularly long ones51, tend to be largely
unstructured52.
II.1.1.3. Using genomic homology to improve gene prediction: evolution to the
rescue
One way to enhance the performance of de novo prediction tools in both coding and
non-coding regions is to exploit comparative genomics approaches. Usually, this
involves the alignment of the target genome to one or more informant genomes
from related species. Gene finding software such as TWINSCAN53, SGP254 and
CONTRAST55 leverage such homology information to better model coding regions,
leading to limited improvements in sensitivity and precision42.
NcRNA predictors incorporating evolutionary models also exist. Those oper-
ate by searching genomic sequences for evolutionarily conserved secondary struc-
tures, by comparative analysis of covariation in homologous sequence alignments. A
plethora of such de novo structured RNA predictors have been developed, including
EvoFold56, RNAz57 and CMFinder58. These algorithms, however, suffer from a wor-
ryingly high false positive rate59,60. In addition, those tend to predict small RNAs
and short-range structured regions rather than long, full-length transcripts60, which
limits their usefulness in practice.
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II.1.2. Evidence-based gene annotation
Gene annotation consists in finding precisely which parts of the genome are ex-
pressed as mature RNA. It follows naturally that sequencing RNA products and map-
ping them back to their original genome location should constitute the gold standard
of gene annotation. These methods are in principle capable of resolving alternative
isoforms as well as non-coding RNA features, two important aspects where purely
computational pipelines noticeably fail (see Section II.1.1). In fact, such empirical
transcriptome-based approaches have been shown to almost always greatly outper-
form de novo predictors42.
II.1.2.1. Methods for transcriptome sequencing
Overview. Because RNA is an inherently unstable molecule, and since most
sequencing chemistries are only suited for DNA, transcriptome sequencing studies
generally start with the conversion of RNA to double-stranded, complementary DNA
(cDNA) (Figure 6). cDNA has the additional advantage of being amplifiable in vitro
by Polymerase Chain Reaction (PCR), and/or in vivo by cloning it into bacterial vec-
tors. On the other hand, one should note that cDNA synthesis can introduce impor-
tant experimental biases, especially during first-strand synthesis. Two of those can
severely affect downstream gene annotations: Reverse Transcriptase (RT) template
switching, and spurious internal polyA priming. The first occurs when the elon-
gating RT-cDNA complex dissociates from the RNA template, and subsequently re-
anneals to a sequence similar to the original one, but at a different template location,
in cis or trans. In both cases, RT template switching produces experimental artifacts –
false introns for the former, false chimeric transcripts for the latter – that can lead to
erroneous annotations61,62. The second RT-related pitfall stems from the hybridiza-
tion of the oligo-deoxythymidine (oligo-dT) primer to an internal stretch of As on the
RNA template, instead of the intended polyA tail. This results in the first-strand syn-
thesis starting from within the RNA template instead of its 3’ end. Consequently, a
cDNA molecule truncated upstream of its true 3’ end is produced63. These two exper-
imental biases can be flagged by annotation pipelines, as their sequence substrates –
direct short repeats around intron boundaries for the former, genome-encoded polyA
runs for the latter – can be detected reasonably easily in downstream bioinformatic
analyses.
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Figure 6: cDNA synthesis in transcriptomics studies (simplified). The
method takes advantage of the polyadenylated (polyA) tail present at
the 3’ end of most eukaryotic mature RNAs. First-strand cDNA syn-
thesis is initiated at the 3’ end of the transcript by the reverse transcrip-
tase, thanks to a complementary oligo-dT primer (in orange fonts,
framed) which anneals at random on the RNA’s polyA tail. The fi-
nal product is a double-stranded cDNA whose sequence is identical
(or complementary, depending on its strand) to the original RNA se-
quence. Note that non-oligo-dT RT priming methods exist, such as
those using gene-specific oligonucleotides (see Section II.1.3.2) or ran-
dom hexamers, but those do not produce full-length cDNAs.
Sanger-based approaches. Before the advent of high-throughput sequencing
techniques, transcript sequencing required laborious and costly laboratory proce-
dures involving cDNA vector cloning and Sanger sequencing of random bacterial
clones64. Since the Sanger method requires a known sequence to prime onto, the se-
quencing reaction usually starts on either end of the vector. For this reason, reads
tend to cover preferentially the 5’ and 3’ ends of the cDNA insert. Moreover, be-
cause of the length limitations of the Sanger method, which rarely yields more than
1,000 bp per read, sequencing cDNA clones results in relatively short (ca. 500-800 bp),
single-pass reads – although with a very high (>99.999%) per-base accuracy65. Ow-
ing to the far greater length of most mammalian transcripts (Figure 7), these so-called
Expressed Sequence Tags (ESTs)66,67 cover cloned cDNA sequences only partially.
Obtaining full-length cDNA sequences hence required low-throughput approaches,
such as iterative "primer walking" along the cDNA. Despite these difficulties, initia-
tives like the Mammalian Gene Collection68, FANTOM69 and others70 successfully
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relied on such techniques to build relatively large mammalian gene catalogs. As of
today, such early cDNA and EST databases still constitute the bulk of the evidence
underlying RefSeq and GENCODE36,71, the two most widely used mammalian gene
annotation resources.
Figure 7: Transcript length distribution in mammalians vs typical
Sanger sequencing read length. Histogram of transcript lengths in
Human (magenta) and Mouse (blue) annotated genes. X-axis: mature
RNA length (that is, excluding introns) in nucleotides (nts). Respec-
tive median lengths (Human: 2,213 nts, Mouse: 2,298 nts) are depicted
as vertical lines for both species, using the same color scheme. The ap-
proximate range of read length output by Sanger sequencing (500-800
nts) is indicated by a gray rectangle. The X-axis is cut at 10,000 nts for
clarity. See Supplementary Methods for further details.
Second-Generation Sequencing (SGS) methods. Sometimes still unfortunately
called Next-Generation Sequencing (NGS) methods more than a decade after their
breakthrough, these techniques enabled a major step towards routine large-scale
transcriptome sequencing, starting in the mid-2000s. In addition to their much
higher yield and lower cost per sequenced base, those offer other important technical
advantages over Sanger methods, including the elimination of the cumbersome
cDNA cloning step. As a result, SGS RNA sequencing (RNA-Seq) quickly sup-
planted Sanger-based cDNA sequencing as the method of choice for transcriptome
studies (Figure 8).
The first commercialized SGS technology was the 454 pyrosequencing platform72,
which yielded a maximum of one million reads per run, and reads of up to 1,000bp-
long. Because of its high cost and relatively low throughtput compared to other
SGS platforms, however, the 454 instrument was not commercially successful
and therefore discontinued by Roche in 2016. Nowadays, SGS is synonym with
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Figure 8: Publication trends of transcriptome sequencing methods
over time. The number of PubMed hits per 100,000 indexed papers
per year is represented for two search terms associated with transcrip-
tome sequencing techniques (ESTs: green, RNA-Seq: blue) between
1990 and 2018.
Solexa/Illumina sequencing73, its most popular implementation.
Despite its name, SGS RNA-Seq does not operate directly on RNA, but rather on
cDNA molecules. SGS platforms are able to output hundreds of millions of high-
quality (∼0.1% error rate for the HiSeq platform as of 201674) sequencing reads per
run, but those are typically in the range of 30 to 150 bases in length, i.e., shorter than
Sanger sequencing reads. Consequently, short-read RNA-Seq does not provide full-
length cDNA sequences, and transcripts need to be physically fragmented prior to
sequencing in order to achieve uniform coverage75.
Re-assembling full-length transcript sequences from SGS short reads in silico is
possible, in principle. Examples of such algorithms abound, Scripture76, Cufflinks77
and StringTie78 being some of the most widely used. These programs, however, face
the problem of assigning each short read to its originating transcript, which becomes
near-insoluble in case of extensive transcript overlap and alternative splicing. For this
reason, computational transcript reconstruction techniques end up lacking greatly in
accuracy: when compared to a ground-truth transcript annotation, their sensitivity
and precision generally do not exceed 25% and 50%, respectively, with particularly
poor results around the 5’ and 3’ transcript boundaries78,79.
Third Generation Sequencing (TGS), long-read technologies. These latest
methods enable significant improvements compared to SGS in terms of read length,
at the cost of lower throughput and higher error rate. For the first time, they bring
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the possibility to describe long RNA transcripts from 5’ to 3’ end in a single step and
without fragmentation, circumventing the need for computational read assembly.
Such platforms have been made available principally by two manufacturers: Pacific
Biosciences (PacBio) and, more recently, Oxford Nanopore Technologies (ONT). Both
methods are capable of generating multi-kilobase-long reads and can currently yield
up to a few million reads per run, while relying on radically different principles.
PacBio’s Single-Molecule Real-Time (SMRT) technology consists in the incorpora-
tion of labeled nucleotides by a DNA polymerase along individual DNA molecules,
which is recorded by a laser and camera system in microwells. Each nucleotide is
read with a rather high ∼13% error rate, on average74. However, the ligation of hair-
pin adapters (called "SMRTbells", Figure 9) to each end of cDNA molecules allows the
DNA polymerase to circle around its substrate and thus, read the same sequence re-
peatedly on both strands. Building a consensus sequence out of multiple such passes
on the same cDNA molecule is possible, thanks to the stochastic nature of SMRT
sequencing errors. This results in a so-called Circular Consensus Sequence (CCS),
which exhibits error rates of less than 1% – still an order of magnitude higher than Il-
lumina HiSeq. PacBio’s cDNA sequencing application, IsoSeq, has been successfully
applied to transcriptome sequencing since 201380.
Figure 9: Schematic structure of SMRTbell cDNA libraries used in
PacBio sequencing. Ligated SMRTbell adapters circularize the cDNA
molecule, which enables the DNA polymerase to perform multiple
passes along it, and hence correct sequencing errors.
In contrast, ONT devices rely on multiple electro-sensitive protein pores fixed
on a membrane, through which single-stranded cDNA molecules pass. During this
process, the pore’s electrical current is modulated as a function of the DNA sequence
currently traversing the pore. This current is measured in real time by the instrument,
and the resulting signal converted to a nucleotide sequence81. ONT runs can produce
astonishingly long reads – the current record being more than 2 megabases, for ge-
nomic DNA82. However, its error rate is similar to that of single-pass PacBio reads,
but contrary to the SMRT technology, ONT multi-pass sequence consensus building
has yet to become mainstream, despite recent developments in this direction83, which
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strongly handicaps nanopore technologies for transcriptome sequencing, despite its
very low cost74,84.
Due to physical constraints, longer DNA molecules tend to load into microwells
or nanopores with more difficulty than shorter ones. One drawback of both TGS long-
read technologies is therefore their strong bias towards shorter DNA molecules. This
phenomenon can be mitigated by separating cDNA libraries into distinct size frac-
tions and sequencing these separately – a laborious and inefficient process, though85.
Synthetic Long-Read Sequencing (SLR-Seq). At the frontier between Illumina
and long-read sequencing lies SLR-Seq, in which cDNAs are diluted and separated
into partitions, either through microtiter wells or emulsions. Each cDNA partition is
then fragmented and barcoded using Unique Molecular Identifiers (UMIs), followed
by short-read Illumina sequencing. Thanks to the presence of UMIs, short reads can
be reassembled computationally into full-length isoforms with high confidence. In
theory, SLR-Seq thus promises the depth and high sequence accuracy of Illumina se-
quencing, combined with unambiguous transcript reconstruction, which is lacking in
standard short-read RNA-Seq (see ’Second-Generation Sequencing (SGS) methods’,
page 14)86–88. Nevertheless, while SLR-Seq isoform assembly does gain in accuracy
thanks to the presence of unique barcodes, it does not fully guarantee against artifac-
tual reconstruction – in cases where several abundant, similar isoforms end up in the
same partition, for instance.
Direct RNA (dRNA) sequencing. The ability to directly sequence RNA with-
out prior conversion to cDNA is a recent and promising innovation. During recent
years, two dRNA sequencing technologies were made available to the research com-
munity: the Helicos/HeliScope single molecule fluorescent sequencing platform89,
and more recently, nanopore sequencing. As of today, the latter – and only surviving
– method, commercialized by ONT, is beginning to appear applicable to large-scale
transcriptome sequencing projects90. While eliminating the biases and experimental
artifacts associated with cDNA synthesis mentioned before (see ’Overview’, page 12),
ONT dRNA sequencing also allows the detection of modified, non-canonical bases in
RNA, clearing the way to the elucidation of the "epitranscriptome"91,92. Another ad-
vantage of dRNA sequencing compared to cDNA-based approaches is that it reads
a transcript’s native polyA tail – rather than the product of random oligo-dT priming
on it, see Figure 6 – which brings the ability to measure its actual length. Because of
the unamplifiable nature of RNA, dRNA often require prohibitive amounts of input
material, however. Thus, important impracticalities remain with current dRNA pro-
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tocols, beyond the aforementioned high error rate plaguing nanopore sequencing in
general.
II.1.2.2. Building empirical gene and transcript catalogs
Mapping transcript evidence to the genome. Determining where a sequenced
RNA originates on the genome can be achieved via sequence similarity search be-
tween the transcript and the genome sequences. Except in cases of genomic sequence
duplication such as paralogy and pseudogenization, this mapping is usually unam-
biguous, provided the transcript sequence is long enough. Historical local alignment
algorithms such as BLAST (Basic Local Alignment Search Tool)93,94 are not adapted
to transcript-to-genome alignments, because they do not model splice sites properly
and consider introns as mere alignment gaps, leading to gross inaccuracies around
exon/exon junctions95. The growth of EST and cDNA sequence databases in the
late 1990s and early 2000s created a demand for specialized spliced aligners, such as
EST_GENOME96, BLAT (BLAST-Like Alignment Tool)97 and GMAP98. Most of these
tools would later struggle to cope with the enormous data volumes produced by
SGS methods, which prompted the development of another generation of short-read,
ultra-fast spliced aligners (e.g. GEM99, STAR100 and TopHat77).
Nevertheless, automatic mapping of transcript evidence to the genome is not
sufficient to build accurate gene and transcript models. When building their high-
confidence gene catalogs, annotation groups such as RefSeq71 and GENCODE36 in-
corporate a manual curation step, during which experts review all relevant features
of an empirical model – alignment quality, splice sites, ORF contiguity etc. – be-
fore including it in their catalog. While extremely laborious and costly, this strategy
has proven useful, as manual annotations tend to display a much higher rate of ex-
perimental validation than fully automated ones, and thus are considered far more
reliable42,101. Due to their notorious unreliability (see ’Second-Generation Sequenc-
ing (SGS) methods’, page 14), transcript models reconstructed in silico from SGS short
reads are not included in reference resources such as GENCODE36 – some are present
in RefSeq, though71.
When compared to first- and second-generation sequencing methods, recent TGS
approaches hold the potential for high-throughput, full-length genome annotation
at a comparatively low cost (see previous section). Their much higher yield, how-
ever, makes the systematic manual curation of TGS-based gene models exceedingly
time-consuming. On the other hand, TGS’s higher base error rate demands stricter
quality filtering – and possibly sequence correction – for resulting gene models to
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reach acceptable levels of confidence without human curation.
Gene annotation resources. RefSeq71 and GENCODE36 are the two most
widely-used gene annotation catalogs. These gene sets consist of both automatically-
generated and manually-reviewed gene models, separated into tiers. However,
GENCODE contains a much higher proportion of curated gene models compared to
RefSeq, at least within coding regions (93.4% and 45%, respectively102). While both
resources present their own pros and cons, it is generally admitted that GENCODE
provides a more complete representation of the human and mouse gene sets102–104.
In addition, and in contrast to RefSeq, GENCODE incorporates both discovery- and
validation-oriented experimental components to its annotation pipeline, using both
transcriptomics and proteomics techniques101,105–107. As a result, GENCODE is con-
sidered the reference gene annotation in human and mouse, and has been adopted
by various large international consortia, including ENCODE108–111, GTEx112,113 and
the International Cancer Genome Consortium (ICGC)114.
How many genes in a mammalian genome? The number of genes in the human
genome has been a matter of debate for more than half a century115. During the
few years preceding the completion of the human genome, most estimates fell in
the range of 50,000 to 100,000 protein-coding genes116,117. To the surprise of many,
the complete genome sequence revealed a mere 31,000 such genes27, and the tally
has fallen steadily since then. Nowadays, both RefSeq and GENCODE agree on a
gene count of ∼20,000 coding genes in the human genome, and a number of long
noncoding genes between 15,000 and 18,000118. Gene counts in the mouse genome
are fairly dissimilar to that of human (Figure 10). However, it is still unclear how
much of this difference is explained by biology rather than by the more mature status
of the human genome annotation.
There is uncertainty as to how these gene counts will evolve in the future. Since
coding signatures can nowadays be identified with relatively high sensitivity on the
genome (see Section II.1.1.1), one could reasonably speculate that the protein-coding
gene catalog is next to complete, and recent deep sequencing surveys indeed seem
to support this notion (see Section III.3.2.2). A recent study, however, challenged
this consensus by claiming the discovery of hundreds of novel human coding
genes through ultra-deep, short-read-based trancript assembly119, but later proved
extremely controversial118,120.
Because of the difficulties in identifying them in genomic sequences (see Section
II.1.1.2), the situation is less definitive for noncoding genes. Thus, there is reason to
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believe that the corresponding tally will substantially increase as methods of detec-
tion improve (see Sections II.1.3 and III.3).
Figure 10: Basic GENCODE annotation statistics in the human and
mouse genomes. Shown are the gene (top) and transcript (bottom)
counts for the long noncoding RNA (lncRNA, left) and protein-coding
(right) biotypes. Other biotypes are omitted for simplicity. Biotypes
correspond to broad functional classes of genes. See Supplementary
Methods for further details.
II.1.3. Elucidating the hidden transcriptome
If expression-based methods can be considered, as a whole, far better suited for
genome annotation than de novo gene finding methods, technical factors severely
limit their sensitivity: sequencing techniques, which transcriptome studies rely upon,
are inherently limited in their read output, and there is strong evidence for the exis-
tence of a hidden layer of unannotated transcripts, a deep transcriptome lying under
the radar of current experimental techniques.
The statistical representation of a given transcript in a cDNA library directly re-
lates to its RNA copy number in the cell. Moreover, distinct transcripts can be ex-
pressed at wildly different levels within a cell – from one copy to hundreds of thou-
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sands of copies per cell121. The problem is further aggravated by the fact that RNA-
Seq libraries are usually constructed from entire tissues and bulk cell populations,
which has the effect of masking out possibly massive gene expression level differ-
ences across the cells under study. Rare or transient cell types such as circulating
tumour cells, early embryonic cells and adult stem cells, are difficult to isolate from
tissue extracts and may contain distinctive RNA populations, for example122.
Since sequencing technologies always incorporate a random sampling process,
this leads to lowly-expressed genes being vastly underrepresented or even absent
from standard cDNA sequencing libraries. In 2009, Blencowe et al. suggested that
∼700 million short Illumina reads would be needed to correctly detect 95% of the
transcripts present in an RNA sample123. More recently, the SEQC/MAQC-III Con-
sortium reported the sustained discovery of unannotated introns at depths greater
than 2 billion Illumina HiSeq reads, using discovery - saturation curves in a variety
of human samples124. This indicates that even ultra-deep sequencing – which is far
above the capacity of current TGS long-read technologies – is not sufficient to de-
tect all transcripts present in a sample. For this reason, a few laboratory techniques
(detailed below) have been developed to mitigate this relative shallowness.
II.1.3.1. Normalization and subtraction of cDNA libraries
Since over 90% of cellular RNAs are ribosomal121, one of the first steps of cDNA
library preparation usually consists in the subtraction of such RNA species, which
are largely irrelevant for genome annotation. rRNA depletion is relatively easily
achieved by sequence-specific hybridization techniques, and/or polyA selection125 –
as rRNAs are devoid of polyA tails. The latter has the further advantage of also sub-
tracting tRNAs, another overwhelmingly abundant and uninformative RNA species.
However, large differences in concentrations remain even within the polyadeny-
lated transcript population, which leads to the sampling issues mentioned above.
Hence, normalization methods, aimed at equalizing cDNA abundances in libraries,
have been developed over the years126–128. Most of them are based on hybridization
kinetics of nucleic acids. Briefly, double-stranded cDNAs are denatured, and then
subjected to rehybridization; during this process, abundant molecules tend to re-
anneal more effectively than rare ones. The mixture is then subjected to digestion by
a duplex-specific nuclease, which preferentially targets abundant, double-stranded
DNA. This procedure results in sharp decreases in the representation levels of abun-
dant protein-coding genes, and a 3- to 4-fold enrichment for rarer ones126. This pro-
cedure is still used nowadays, and was recently applied successfully to TGS (PacBio
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IsoSeq) library preparation in chicken129. However, such untargeted methods are
quite inefficient and, by definition, highly unspecific. In addition, concerns have
emerged recently as to the possible length biases such procedures may introduce130.
II.1.3.2. Targeted RT-PCR/RACE
RT-PCR (Reverse Transcriptase PCR) and RACE (Rapid Amplification of cDNA
ends)131 are two standard molecular biology methods based on PCR transcript am-
plification using specific oligonucleotide primer sequences (Figure 11). RT-PCR relies
on two converging transcript-specific primers; thus, an RT-PCR product consists
exclusively in the sequence of the targeted transcript that is comprised between the
two oligonucleotides. RACE, on the other hand, is based on a single gene-specific
primer, paired with a universal – non gene-specific – primer located at the opposite
end of the transcript. As a result, RACE can be performed in both 5’ and 3’ directions
of the targeted transcript, and is therefore well-suited for precisely delimiting
transcript boundaries. Since RACE relies on only one specific oligonucleotide, it is
more prone to non-targeted amplification132,133. Using a sequential nested primer
design can reduce the presence of such unwanted products, however131.
Figure 11: Schematic comparison of the RT-PCR (left) and RACE
(right) techniques. The regions amplified by each primer (or pair of
primers, depicted as small dark grey arrows) are highlighted in grey.
While both RT-PCR and RACE have been heavily used for some time in
low-throughput experiments (typically to quantify transcripts, confirm individ-
ual exon/intron structures or transcript ends), recent examples of medium- to
large-scale, often discovery-oriented applications have been developed. In 2003,
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Guigó et al., guided by de novo gene predictions, used RT-PCR coupled with Sanger
sequencing to identify more than a thousand novel human genes134. More recently,
RT-PCR was also applied by the GENCODE consortium to the high-throughput
validation of annotated splice junctions using Illumina sequencing (RT-PCR-Seq)106.
Examples of high-throughput applications of RACE exist, but mainly in the
context of hybridization array experiments – which are notoriously noisy and
low-resolution – rather than sequencing105,135. The idea of coupling RACE with
high-throughput sequencing (RACE-Seq) was suggested by Olivarius et al. in
2009136. The authors applied the procedure to only a few protein-coding genes,
however, while combining it with short-read sequencing and the disadvantages it
supposes (see ’Second-Generation Sequencing (SGS) methods’, page 14).
Despite their high sensitivity and remarkable efficiency, both techniques suffer
from one important drawback. By design, they essentially cannot provide complete
transcript sequences: RT-PCR products lack both ends of the targeted transcripts,
while 5’ and 3’ RACE products are deprived of transcripts’ 3’ and 5’ ends, respec-
tively.
II.1.3.3. Targeted cDNA capture
The application of hybridization methods to enrich for specific sequences has been
successfully used for some time137, and is routinely employed in the context of exome
sequencing – the targeted sequencing of genome exonic sequences138,139. Current
capture technologies involve the design of biotinylated oligonucleotide probes tiling
sequences of interest. In targeted transcriptome sequencing surveys, probed cDNAs
hybridize preferentially to the oligonucleotides, which then bind to streptavidin-
linked magnetic beads. The hybridized cDNA products are thereby isolated from
undesired cDNA fragments and subsequently eluted (Figure 12). Thus, the result-
ing cDNA capture library consists in highly enriched targeted molecules that can be
subsequently sequenced using high-throughput methods (CaptureSeq)140.
Nowadays, custom capture designs targeting several megabases of arbitrary
sequence can be routinely manufactured. This has enabled large-scale transcript
discovery studies focusing on cancer-related genes141 or low-abundance long
non-coding RNAs (lncRNAs)142,143, for example. However, none of these surveys
employed long-read sequencing on capture libraries. Therefore, authors had to rely
on short-read-based transcript assembly methods, which inevitably casts doubts
on their resulting transcript models (see ’Second-Generation Sequencing (SGS)
methods’, page 14).
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Figure 12: Simplified flowchart of a solution-based cDNA capture
protocol (see text for details).
Although much more costly than the cDNA normalization methods mentioned
before (see Section II.1.3.1), CaptureSeq achieves considerably higher, more specific
target enrichment, while retaining relative RNA abundance information141,143. This
technique thus paves the way for the efficient interrogation of virtually any poten-
tially transcribed region of the genome, in the context of gene annotation as well as
gene quantification.
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II.1.4. Gene annotations in their genomic and cellular con-
text
The human and mouse genomes have been the subject of intense scrutiny, par-
ticularly since the complete assembly of their respective sequences. International
consortia like ENCODE108–111, NIH Roadmap Epigenomics144,145, GTEx112,113 and
FANTOM146–148 have generated thousands of genome-wide assays, whose results
are mapped onto these two reference sequences. Those constitute an invaluable
resource for integrating gene annotations in their genomic context and facilitate both
their validation and biological characterization.
Hallmarks of transcription initiation such as CAGE (Cap Analysis of Gene Expres-
sion) clusters146, DNase I hypersensitive sites (DHS)149, transcription factor binding
sites150 and promoter-associated chromatin marks – e.g. trimethylation of histone H3
at lysine 4 (H3K4me3) –145,151 can be leveraged to assign levels of confidence to an-
notated gene TSSs. Similarly, genomic overlaps between transcriptional units and
marks of monomethylation of histone H3 at lysine 4 (H3K4me1) are suggestive of
enhancer-associated RNAs (see Section III.2.1).
Existing RNA-Seq data can be employed in at least two ways. First, short read
mappings split over exon-exon junction can be used as substantiating evidence for
dubious intron models152. Second, expression profiling of transcript models using
RNA-Seq in tissues – healthy or diseased – and subcellular compartments can also
provide clues as to their spatial localization and function153,154.
Finally, more than 70,000 trait- and disease-associated human genetic variants,
identified through genome-wide association studies (GWAS)155, can be mapped onto
gene models and shed light on their phenotypic function, role in disease or expression
regulation156–159.
In summary, there is a tight methodological interplay between genome-wide stud-
ies and basic gene annotations. While the former quite obviously need the latter as a
foundation, it is also true that gene annotations benefit from the superimposed mul-
tiple layers of "-omics" evidence.
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III
The noncoding genome
One of the distinguishing features of eukaryotic genomes is their large size and low
protein-coding content. As previously mentioned, only 1.1% of the human genome
bases are currently annotated as coding, and this fraction is not likely to increase
substantially upon deeper inspection (see Section II.1 and ’How many genes in a
mammalian genome?’, page 19). The question then arises as to the composition of the
remainder of the genome, and more importantly, what biological function it serves –
if any.
III.1. Eukaryotic genome complexity and non-
coding DNA: an evolutionary perspective
III.1.1. The C-value paradox
Genome size varies considerably across all domains of life (Figure 13, X-axis). There
is an overall correlation between organism complexity (or at least an intuitive notion
we may have of it) and genome size from bacteria to multicellular eukaryotes. This
tendency, however, drops within the eukaryotic kingdom, where there is a puzzling
discrepancy between genome size (the so-called "C-value") and organismal complex-
ity. If DNA contains the entire genetic program needed for an organism to develop,
why do complex organisms such as mammals not accordingly possess the largest
genomes? Why does Triticum aestivum – the common wheat – carry a genome an
order of magnitude larger than Homo sapiens’? Similarly, it seems utterly counter-
intuitive that the genome of Trichomonas vaginalis, a unicellular protist, is larger than
that of Drosophila melanogaster, a complex animal. Putting aside the rather subjec-
tive notion of organism complexity, even closely related species can bear genomes
of markedly different sizes. Within the Sorghum plant genus, for example, haploid
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genome sizes vary from 600 Mb to more than 5 Gb160. These are some of the ap-
parent inconsistencies that have collectively been grouped under the term "C-value
paradox" since the 1950s161,162.
Ohno was one of the first to propose an explanation for this enigma in 1972: he
argued that a substantial fraction of eukaryotic genomes bears little to no adaptive ad-
vantage, while being tolerated by the host organism. This fraction, which he dubbed
"junk DNA", is therefore free to grow over generations, as long as this genomic ex-
pansion does not hamper the organism’s fitness. As his paper’s concluding remark
suggests, he believed the bulk of this non-functional genomic DNA consisted in pseu-
dogenes:
"Triumphs as well as failures of nature’s past experiments appear to be con-
tained in our genome."163
This "junk", however, was later found to be mostly composed of transposable el-
ements (TEs) instead – mobile, "selfish" DNA capable of self-replication164,165. It is
now established that millions of copies of TEs – or relics thereof – account for an
astoundingly large fraction of eukaryotic genomes, including 37.5% of the mouse
genome28, 45% of the human genome27 and up to 85% of plant genomes166. In ac-
cordance with the "selfish DNA expansion" hypothesis, a clear correlation can be
observed in eukaryotes between genome size and proportion of repetitive elements –
of which 75% are identified as TEs167. In addition, an estimate of only ∼3.5% of non-
coding sequences are highly conserved across mammals28,168, while less than 1% are
conserved across distant vertebrates169, arousing further suspicion as to their overall
functionality.
III.1.2. The G-value paradox
The number of protein-coding genes encoded per genome (the "G-value") follows a
trend similar to that of genome size across the tree of life (Figure 13, Y-axis): a global
increase with organism complexity that breaks off within the eukaryotic kingdom,
particularly in land plants and animals – the G-value paradox173,174.
The G-value, as one would expect, positively correlates with genome size. Yet,
this trend is also lost when focusing on the larger plant and animal genomes: over-
all, the dynamic range of G-values across kingdoms is also much smaller than that
of the C-value – approximately ∼2.5 vs ∼4.5 orders of magnitude, respectively (Fig-
ure 13; note that some hybrid plant species such as T. aestivum contain multiple,
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Figure 13: Genome size vs coding gene content in free-living bacteria
and eukaryotes (log-log plot). Each dot corresponds to an organism
whose genome has been assembled and annotated at least as a draft
version (note that the list of organisms shown is broadly representa-
tive, but not exhaustive). Linear regression lines for each taxon group
are depicted using their respective colors. A few genomes of inter-
est are labelled with the corresponding species name. Data compiled
from167,170–172.
partly redundant "sub-genomes", which artificially inflates their genome size and
gene number175). This observation supports the idea, mentioned in the previous sec-
tion, of a widespread expansion of noncoding DNA during plant and animal evolu-
tion.
A few non-mutually exclusive theories have been put forward to solve the G-
value paradox (reviewed by Hahn and Wray174). Alternative splicing, for instance,
has been proposed to contribute to phenotypic innovation by increasing transcript
diversity without new gene acquisitions. There is indeed evidence that rates of al-
ternative splicing are correlated with phenotypic complexity38,176,177. Furthermore,
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analyses suggest that alternative splicing and gene duplication – a major source of
functional innovation in evolution178,179 – might constitute interchangeable evolu-
tionary mechanisms to increase transcript diversity180–182.
Other authors argue that the key to biological complexity lies in the noncoding
part of the genome183. In support of this view, the genomes of vertebrates – arguably
the most complex organisms on earth – show the highest noncoding content of all
life forms183. While certainly attractive, this idea must however be reconciled with
the fact that the vast majority of noncoding nucleotides in eukaryotic genomes is not
evolutionarily constrained184.
Lastly, a very real possibility exists that the G-value enigma is erroneously deemed
paradoxical due to overly simplistic premises. While it may certainly not be incorrect
to expect a relationship between genome and organism complexity, a gene count con-
stitutes a very crude measure of the information content of a genome, and we may
not currently possess the necessary tools to accurately measure the latter.
III.2. Functional noncoding DNA: separating the
tare from the wheat
There is strong evidence that a large proportion of the human genome is non-
functional, junk DNA (see Section III.1.1). Based on evolutionary conservation
and mutational load arguments, and in line with Ohno’s work163, some authors
propose an upper limit on its functional fraction of 20 to 25%, under the selected effect
definition of "function" – namely, an evolutionarily selected one185–187. Even under
this conservative model, this means that a substantial portion of the noncoding
genome is likely functional.
III.2.1. Known examples of functional noncoding DNA se-
quences
Many cases of noncoding, yet functional genome elements are well-known. Some
noncoding RNA species, such as snRNAs (small nuclear RNAs), snoRNAs, rRNAs,
microRNAs, tRNAs and some lncRNAs (see Section III.3) are extensively charac-
terized. Most of these are annotated automatically with reasonable accuracy in
mammalian genomes (see Section II.1.1.2), and occupy a tiny fraction of the human
30 INTRODUCTION
genome (Table 3).
Category # genes # genomic nts covered (kb) % of genome sequence covered
miRNA 3,837 339 0.011%
rRNA 549 63 0.002%
snoRNA 978 115 0.004%
snRNA 1,912 211 0.007%
tRNA 649 49 0.002%
Total 7,925 776 0.025%
Table 3: Annotated ncRNA genes in the human genome. Statistics
(based on the GENCODE annotation) are reported only for the major
types of ncRNAs, and omitting lncRNAs, which are covered exten-
sively in Section III.3. See Supplementary Methods for further techni-
cal details.
Other functionally important noncoding elements include cis-regulatory se-
quences that control gene expression (e.g., promoters, enhancers, insulators and
silencers), origins of replications, telomeres and centromeres. In its most conserva-
tive assessment, the ENCODE consortium estimates that a minimum of 8.5% of the
human genome is involved in cis gene regulation, based on ChIP-Seq and DNase
footprinting assays in a limited number of cell lines110.
Among those regulatory sequences, enhancers constitute a particularly interest-
ing case. Those cis-acting sequences activate gene transcription through long-range
interactions with the promoter of their target genes. Enhancers can be located equally
upstream or downstream of their target promoter, sometimes hundreds of thousands
of nucleotides away188,189. Intriguingly, some active enhancers have been shown to
be transcribed into so-called eRNAs (enhancer RNAs)190,191 – non-polyadenylated,
usually unspliced noncoding RNAs expressed at low levels148. eRNAs have long
been suspected of being mere by-products of enhancer activation. However, evi-
dence has recently emerged that they may in fact play a crucial role in this process,
by actually triggering the molecular cascade leading to enhancer activation192.
A large fraction of cis-regulatory sequences, enhancers included, are not con-
strained evolutionarily110. At first glance, this may suggest that these are the product
of noisy, non-specific DNA-protein binding. However, many well-characterized or-
thologous cis-regulatory binding sites show high rates of sequence divergence – to
the point of becoming unrecognizable at the sequence level, even among closely re-
lated species193–196. This, incidentally, indicates that a lack of sequence conservation
does not necessarily imply a lack of functionality in noncoding genomic features.
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III.2.2. Is all the rest "junk"?
Putting aside known ncRNAs and regulatory sequences, several lines of evidence
support the idea that the remainder of the noncoding genome may contain yet-to-
be-discovered, possibly transcribed functional elements, even in apparently poorly
constrained regions.
Lineage-specific noncoding genetic variants. Genome-wide association studies
(GWAS) aim at identifying loci that associate with risk for complex diseases and phe-
notypic traits. A substantial fraction of the more than 70,000 human variants identi-
fied using this method are well-replicated, highlighting the robustness of the inferred
associations155. A strong link between a locus variant and a phenotypic trait or dis-
ease obviously indicates a function for the locus in question, although GWAS does
not provide any mechanistic information as to this function. Surprisingly, the vast
majority (∼93%) of trait- and disease-associated loci lie within non-coding regions,
of which thousands are located in the intergenic space, far away from any anno-
tated gene197. Recent studies show that a large proportion of noncoding GWAS SNPs
(Single Nucleotide Polymorphisms) fall within or near DNase hypersensitive sites,
suggesting an important role in gene regulation110,197,198. Furthermore, many such
intergenic, noncoding variant sites have been shown to be under human-specific pu-
rifying selection199,200. Again, this suggests that cross-species evolutionary conserva-
tion provides only incomplete insights into the functionality of noncoding elements.
Ultra-conserved elements. At the other end of the evolutionary conservation
spectrum, ultra-conserved elements (UCEs) are genome segments of 200 to 700 bases
that are 100% identical in mouse, rat and human, and highly conserved all the way
to dog and chicken201. Of the 481 UCEs identified in the human genome, only 93
fall within protein-coding exons, and 140 lie in gene deserts, more than 10kb away
from the nearest annotated gene. Such extreme levels of evolutionary conservation
are indicative of essential biological functions. As a result, these enigmatic non-
coding UCEs have been studied extensively since their discovery. Results indicate
that many UCEs function as enhancers with important, subtle roles in vertebrate
development202–205. As for any enhancer, these regions may also be transcribed into
eRNAs (see Section III.2.1). Other studies have established an association between
a few transcribed UCEs, outside of enhancer regions, and cancer206,207. Still, a large
fraction of UCEs remains uncharacterized.
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Structured ncRNAs in unannotated regions. De novo computational methods
predict millions of structured ncRNAs in the intergenic space – although these ap-
proaches generate a high number of false positives (see Section II.1.1.2). For example,
using covariation information, Smith et al. predict more than four million evolution-
arily constrained RNA structures, covering 13.6% of the human genome in total208.
The authors estimate their false discovery rate to be in the range of 5 to 22%, although
this might be an underestimation209. Even under this assumption, experimentally
probing the most confidently predicted regions from such datasets – using RNA cap-
ture, for example (see Section II.1.3.3) – could help shed light on the biology of the
noncoding genome.
Junk DNA: a platform for evolutionary innovation? There are several
documented cases of exaptation – the process by which a trait’s function shifts
during evolution – of selfish DNA. Parasitic elements such as TEs, in particular,
have been shown to contribute to the evolution of vertebrate gene regulatory
networks210,211, in line with Barbara McClintock’s original idea of TEs acting as
"controlling elements"212. For example, in a human-mouse comparative study,
Sundaram et al. found thousands of orthologous, TE-derived transcription factor
binding sites with strong evidence of purifying selection213. Other studies have
highlighted the possible role of TEs in shaping the evolution of splice sites214,215,
promoters216,217, enhancers218,219, lncRNAs220,221 and microRNAs222. Finally, a 2011
survey comparing the genomes of 29 mammals found more than 280,000 conserved
noncoding elements derived from TEs in the human genome, covering a total of
∼7 Mb223. Overall, this suggests that genomic domestication of selfish DNA is a
significant phenomenon that may drive functional innovation in eukaryotes.
It is important to note, however, that those examples probably constitute excep-
tions rather than the rule224, and that most TEs in vertebrate genomes should be
presumed functionless unless proven otherwise. One should also refrain from the
temptation of trying to fit junk DNA into a teleological framework. TEs and other
junk elements can indeed be co-opted, however they are not actively preserved in
genomes as "evolvable" material, as some authors insinuate (see e.g. Jain225 and Bar-
roso in Ecker et al.226). In the words of Sydney Brenner,
"There is a strong and widely held belief that all organisms are perfect and
that everything within them is there for a function. Believers ascribe to the Dar-
winian natural selection process a fastidious prescience that it cannot possibly
have and some go so far as to think that patently useless features of existing or-
ganisms are there as investments for the future."227
III. The noncoding genome 33
III.3. Long noncoding RNAs: the last frontier of
gene annotation
III.3.1. Pervasive transcription in mammalian genomes
The evidence for widespread, "intergenic" transcription in mammalian genomes re-
mained anecdotal (see e.g. Ashe et al.228) until the 2000s, when technology improve-
ments enabled deep, genome-wide transcriptome surveys. Large-scale cDNA se-
quencing projects147,229, RNA tiling array hybridization studies109,230–232, genome-
wide maps of active promoters110,233 and finally, RNA-Seq153 revealed a profusion
of such unannotated, mainly noncoding transcribed elements in both human and
mouse. Noncoding transcription is not confined to the intergenic space, and as much
as 11% of the human transcriptome derives from ncRNA transcripts that are inter-
leaved with protein-coding ones234.
In a landmark study using ultra-deep RNA-Seq in 15 human cell lines, the EN-
CODE consortium reports that overall, about half of the human genome is covered
by mature, polyadenylated transcripts. Those cover a quarter of the intergenic space,
and this fraction is mainly accounted for by long noncoding RNAs. Not surprisingly,
detected lncRNAs, including intergenic ones, are expressed at a much lower level
than protein-coding genes: about 80% of them are present in ENCODE samples in
one or fewer copies per cell, compared with 25% for protein-coding transcripts153.
However, low copy numbers measured in such bulk experiments do not necessarily
reflect consistently low abundance in all cells, since RNA-Seq averages expression
values across the cell population under study, as detailed in Section II.1.3.
Transcription does not imply function, however, and the biological significance
of pervasive transcription is controversial235. Transcription initiation by RNA poly-
merase II (Pol II) – the enzyme synthetizing the large majority of intergenic and
protein-coding transcripts – is known to be a leaky, stochastic process236–238. Con-
sistent with their overall low expression levels and evolutionary conservation59, a
significant fraction of intergenic transcripts may be spurious products of such noisy
transcription, and destined to rapid degradation by the cell machinery.
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III.3.2. LncRNAs: a heterogeneous gene class
LncRNAs are long (>200 nts), usually capped and polyadenylated transcripts with
no discernible protein-coding potential239. They constitute a broad category of
transcripts, present in a wide range of eukaryotic taxa, from fungi to plants and
animals240,241.
III.3.2.1. Early lncRNA discoveries
The characterization of the first mammalian lncRNAs actually predates the genomic
era and the discovery of widespread intergenic transcription. H19, the first discov-
ered eukaryotic lncRNA242, is a spliced, polyadenylated 2.3kb-long RNA product,
relatively conserved across mammals (Figure S3)243. H19 directly acts as an RNA
molecule and is involved in the control of growth and cell proliferation during
early mammal embryonic development244. Shortly after the discovery of H19 in the
early 1990s, it was found that Xist ("X-inactive specific transcript"), another lncRNA,
was the main effector of chromosome X inactivation in female mammals245–247.
Xist, an extraordinarily long (∼17 kb) spliced RNA, acts by "coating" one of the X
chromosomes, which ultimately leads to the transcriptional silencing of the entire
chromosome248. Interestingly, Xist does not exhibit a particularly high level of
conservation: its average sequence similarity among mammals does not exceed that
of the UTRs of mRNAs (Figure S10)249,250.
III.3.2.2. LncRNA biology in the genomic era: map first, ask questions later
At a time when the main focus of attention was protein-coding genes, the examples
of H19 and Xist brought lncRNAs into the spotlight, and stimulated a global under-
taking to identify and characterize noncoding genes. Early cDNA sequencing efforts,
notably from the FANTOM initiative, uncovered thousands of such RNAs covering
both strands of the human and mouse genomes70,147,251. Despite this explosion in the
number of annotated mammalian lncRNAs, only a handful had been clearly char-
acterized functionally by the end of the 2000s51. Besides Xist and H19, examples
included noncoding genes involved in the regulation of nuclear import (Nron252),
trans-acting gene regulation (HOTAIR253, Figure S4, MALAT1254, Figure S6), and ge-
netic imprinting (Air255,256, Figure S1) (see Section III.3.2.4).
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Detecting lincRNAs via chromatin signatures. In 2009, Guttman et al. tack-
led the problem of lncRNA detection from a radically original angle. Instead of
deep transcriptome sequencing, they opted for chromatin signatures to identify tran-
scribed intergenic features in mouse51. The team first observed that genes actively
transcribed by Pol II were associated with the H3K4me3 mark at their promoter
and H3K36me3 (trimethylation of histone H3 at lysine 36) along their transcribed
region257. They then took advantage of these so-called "K4-K36 domain" signatures
to detect long intervening (i.e. intergenic) noncoding RNAs (lincRNAs, or standalone
lncRNAs, see Figure 14) genome-wide. Using this method, the authors could identify
more than a thousand novel lincRNA regions – with many bearing signs of purify-
ing selection – and were able to reveal important biological functions for a few of
them51,258. Nonetheless, however sensitive in pinpointing transcribed genomic re-
gions this epigenomic approach is, it does not directly provide full-length transcript
models per se, in contrast to transcriptomic techniques.
SGS-based lncRNA annotation. More studies followed Guttman’s results, this
time based on non-targeted, short-read transcriptome sequencing. Each added its
own worth of novel mammalian lncRNAs to previous gene catalogs, while discov-
ering little to no novel protein-coding genes259–262, supporting the idea that the cod-
ing gene catalog is saturating. Others employed the targeted CaptureSeq methodol-
ogy (see Section II.1.3.3) to dive even deeper into the noncoding transcriptome, un-
covering lncRNAs with estimated concentrations as low as ∼0.0006 transcripts per
cell142,143,263. Importantly, all of the aforementioned large-scale lncRNA sequencing
surveys employed short-read sequencing methods, whose pitfalls have been previ-
ously discussed (see ’Second-Generation Sequencing (SGS) methods’, page 14).
LncRNA annotation resources. LncRNA annotations are compiled into
generic, curated gene sets (e.g. GENCODE36, RefSeq71) or into databases containing
software-reconstructed transcript catalogs, often specifically lncRNA-oriented (e.g.
BIGTranscriptome264, NONCODE265, MiTranscriptome262, FANTOM CAT266). These
resources vary greatly in size: GENCODE and RefSeq contain ∼15,000 lncRNA locus
entries (Figure 10), while NONCODE, the currently most comprehensive catalog
(which integrates many of the aforementioned collections), reports close to 100,000
of them. Merits and weaknesses of different annotation approaches have been
discussed previously (see Section II.1.2.2). Thanks to extensive manual curation,
and by excluding SGS-assembled transcripts from its sources, GENCODE arguably
provides the most conservative, highest-quality reference catalog for lncRNAs267,268.
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However, this comes at the cost of low sensitivity269: GENCODE’s cautious choice of
data sources implies that most of its underlying empirical evidence currently derives
from low-depth, Sanger-based EST and cDNA surveys. Importantly, a systematic
comparison of lncRNA gene collections has yet to be performed.
III.3.2.3. "Omics" of lncRNAs
Figure 14: Positional classification of long noncoding RNAs. LncR-
NAs are categorized based on their genomic location with respect to
annotated protein-coding genes. Colored and light gray boxes repre-
sent exons and introns, respectively.
In the absence of a clearly defined biological function, most lncRNAs are classified
according to their genomic position with respect to protein-coding genes (Figure 14).
LncRNAs interleaved with protein-coding genes are further subdivided based on the
features they cover (intronic or exonic) on the one hand, and their genomic strand
relative to the coding gene (sense or antisense) on the other. Bidirectional lncRNAs
share a divergent promoter with a protein-coding gene. Finally, standalone lncRNAs
(lincRNAs) lie in the intergenic space, sometimes far away from any other annotated
gene. In general, belonging to one of these categories does not augur the biologi-
cal function of the lncRNA in question. Anecdotal evidence suggests, however, that
some antisense lncRNAs tend to regulate the expression of their "host" coding gene
in cis270 (see also Section III.3.2.4).
Detailed analyses of recent gene catalogs have revealed various genomic peculiar-
ities apparently distinguishing lncRNA transcripts from their coding counterparts.
Notably, mature lncRNAs typically have fewer exons260,268,271 and are shorter than
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protein-coding transcripts268,271,272. Other prominent lncRNA idiosyncrasies are
listed in the next paragraphs.
Expression and RNA processing landscape. In general, lncRNAs display
low expression levels, with a few notable exceptions (see examples in Section
III.3.2.4). Together, they typically account for less than 3% of the RNA mass in tissue
samples273, with median abundances at least an order of magnitude lower than that
of protein-coding genes260,268,271,272 (see also Section III.3.1). Recent data suggests
that these low steady-state levels result from reduced rates of transcription rather
than RNA instability274. LncRNAs are also expressed in a highly tissue-specific
fashion, predominantly in brain and testis cell types260,268. LncRNAs seem to partly
share biogenesis pathways with mRNAs, including Pol II transcription, 5’ capping, 3’
polyadenylation and splicing239. Interestingly, lncRNAs exhibit slightly less efficient
splicing than coding transcripts275, although they use exon splicing signals of similar
strength268. Many well-studied lncRNAs function in the cell nucleus (see Section
III.3.2.4), and large-scale analyses seem to confirm that overall, this compartment
is indeed enriched in lncRNAs compared to coding transcripts268. This enrichment
may indicate localized functions in the nucleus, however it is also consistent with a
rapid turnover and degradation of spurious lncRNA transcripts after their synthesis.
Evolutionary genomics of lncRNAs. In order to avoid the confounding in-
fluence of overlapping protein-coding genes, evolutionary analyses of lncRNA
sequences usually focus on standalone lincRNAs. As a gene class, lincRNAs are
much less evolutionarily conserved than protein-coding genes at the primary
sequence level. Deep comparative surveys of lncRNA repertoires also indicate that
a large majority of lincRNA genes are lineage- or species-specific and undergo rapid
turnover276. At least 20% of human lincRNAs show hominid-specific expression277.
Further, sequence divergence among vertebrates is so extreme that only 6% of
zebrafish lincRNAs are alignable to human and mouse lincRNAs at the primary se-
quence level272. Between human and mouse, only 12% of lincRNAs are conserved260.
Even functional lincRNAs with identified orthologs, such as NEAT1, sometimes
show no evidence of evolutionary constraint over large stretches of their exonic
sequence (Figure S7)267,278. However, evidence has been found of both secondary
structure279 and positional conservation272 for at least a few cases of lincRNAs that
are not conserved at the primary level. Within functional lncRNAs, some correlation
can be found between type and level of evolutionary conservation on the one hand,
and mode of action on the other. For example, lncRNAs exhibiting strong synteny
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in combination with low sequence conservation tend to act in cis on nearby genes267
(see Section III.3.2.4).
LncRNAs are enriched in transposable elements: an estimated 41% of lncRNA
nucleotides are covered by TEs, and altogether, more than 80% of annotated lncR-
NAs contain at least one TE, or relic thereof280. While this observation is consistent
with "junk", spurious transcription, a few cases of TE exaptation into functional ele-
ments have been documented (see Section III.2.2), including for lncRNAs. Examples
include the mammalian ANRIL gene, which domesticated multiple TEs into exons
in the primate lineage281, Xist282 and AS-Uchl1270. It has been proposed that TEs oc-
casionally play critical roles in lncRNA evolutionary innovation by providing novel
functional domains220,221.
Genomic environment and annotation quality. If relating genes to their ge-
nomic surroundings can shed light into various aspects of their biology (see Section
II.1.4), it can also be used to assess the quality and completeness of annotated gene
models. An in-depth analysis of the GENCODE catalog revealed that lncRNAs are
globally depleted in hallmarks of transcription initiation (e.g., CAGE clusters146) and
termination (e.g., paired-end ditags283, polydadenylation signals284) when compared
to coding genes268. Other teams have made similar observations, ascribing these
differences to globally differential transcription regulation of lncRNAs and protein-
coding genes274,285. A more parsimonious explanation attributes these properties
to annotation artifacts rather than real biology, however. It is indeed plausible that
the lack of experimental support for the 5’ and 3’ ends of lncRNAs, together with
their short length and low number of exons, is simply due to the incompleteness of
available lncRNA gene models. This latter hypothesis is consistent with the low ex-
pression levels of lncRNAs and the resulting difficulties in sampling them from RNA
extracts in a non-truncated full-length form (see Section II.1.3).
Are lncRNAs translated? Finally, there is evidence that at least some genes, ini-
tially labelled as lncRNAs, are in fact translated into proteins286,287. Those typically
encode small peptides (< 100 aminoacids) that are difficult to detect for annotation
pipelines because of their short length. The introduction of high-throughput sequenc-
ing of ribosome-protected fragments (Ribo-Seq) revealed unexpected associations be-
tween lncRNAs and ribosomes, suggesting that the former undergo translation288.
Although ribosome association does not necessarily imply translation into a func-
tional protein product, polypeptide production could be demonstrated in at least a
few cases289,290.
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III.3.2.4. Known functional lncRNAs
Functional characterization, to this day, still struggles to keep pace with the ever-
growing catalog of lncRNAs: of the tens of thousands of currently annotated lncRNA
genes, less than 500 have robustly assigned biological functions291. Based on our cur-
rent understanding, functional lncRNAs can be subdivided into those that perform
regulatory functions in cis, and those that act in trans292.
Cis-acting lncRNAs. Xist (see Section III.3.2.1) is the most famous and well-
characterized example of a cis-acting lncRNA. Air (also known as AIRN, Figure S1) is
an lncRNA that silences its target gene, Igf2r, through antisense transcription255,256.
Intriguingly, Air’s regulatory activity is sequence-independent, and stems solely
from the process of its transcription293. More cases of such cis-regulatory lncR-
NAs that carry out their function through the act of transcription, rather than
via their RNA product, have been recently described, such as Upperhand294 (also
known as HAND2-AS1, Figure S9), Blustr (also known as Gm13261, Figure S2) in
mouse295, and Linc-p21296. These examples may represent a common mechanism of
sequence-independent transcriptional regulation. As one could expect from such
a non-sequence-specific mode of action, in most cases the level of conservation of
these lncRNAs is low293,295 (see Supplementary Figures).
Trans-acting lncRNAs. LncRNAs can act away from their site of transcription,
i.e., in trans. HOTAIR (Figure S4), for example, is thought to function as a scaffold
that recruits chromatin-modifying complexes to the distant HOXD locus253,297. In
mouse, lincRNA-EPS (also known as Ttc39aos1, Figure S5) has been shown to down-
regulate in trans various immune response genes, by interacting directly with their
promoter sequences in macrophages298,299. Remarkably, lincRNA-EPS is expressed at
relatively low levels (∼11 copies per cell299) and harbors only very limited sequence
conservation with its presumed human ortholog298.
LncRNAs can also play structural roles in the functional organization of the nu-
cleus’s architecture, such as MALAT1 (Figure S6), an abundant, highly conserved
noncoding gene, or NEAT1 (Figure S7). Both these RNAs are associated with ac-
tive chromatin, but in distinct, functionally important sub-nuclear bodies – nuclear
speckles for the former, paraspeckles for the latter. Evidence suggests that they con-
tribute to the localization of their respective sub-nuclear complexes close to actively
transcribed genes254,300–305.
Other functions of trans-acting lncRNAs include the regulation of the activity of
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other proteins or RNAs in the cell. NORAD (Figure S8), owing to its high affinity
with PUMILIO proteins, acts as an inhibitor of their activity through a molecular
decoy mechanism306,307. CDR1as (also known as ciRS-7) also functions as a molecular
"sponge", but with microRNAs instead of proteins308,309.
III.3.2.5. Navigating the vast terra incognita of uncharacterized lncRNAs.
Searching for functional clues in lncRNAs. Although definitely demonstrat-
ing non-functionality is impossible, a large proportion of lncRNAs are likely to be
spurious products of transcriptional noise, as discussed in Section III.3.1. Under-
standably, sequence conservation is often employed to infer functionality – or lack
thereof – or prioritize functional characterization of newly discovered lncRNA gene
models. Primary sequence conservation is an extremely specific predictor of function
– one would reasonably assume a conserved element to be functional. However, as
the numerous aforementioned examples of experimentally validated lncRNAs show,
predictions solely based on sequence conservation suffer from a substantial rate of
false negatives – i.e., non-conserved, albeit functional lncRNAs (Figure 15).
Similarly, low expression levels are often considered evidence of the bogus nature
of lncRNAs. While reasonable on the surface, this argument is mostly based on RNA
concentrations in "bulk" experiments, and ignores possibly localized modes of action,
as exposed in Sections II.1.3 and III.3.1. Furthermore, examples of low-abundance,
yet functional lncRNAs are starting to emerge, including lincRNA-EPS (see Section
III.3.2.4) and VELUCT, a recently described regulatory lncRNA present at less than
one copy per cell310.
Finally, some characteristics of noncoding RNAs, such as proper post-
transcriptional processing (e.g., splicing, 5’ capping and polyadenylation) and
tissue-specific expression, are often insistently taken as indicators of function (see
e.g. Mercer et al.311, Dinger et al.312). This is likely a misinterpretation, however, as
all these observations are perfectly compatible with the intrinsically noisy nature
of biochemical processes239. It is also tempting to view lncRNA’s combination of
tissue-specific expression patterns and volatile sequence evolution as suggestive of
lineage-specific, delicately orchestrated gene regulation events during development.
This model is supported by some recent experimental data313,314, but may be
considered anecdotal within the large, heterogeneous universe of lncRNAs until
further evidence is gathered.
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Figure 15: Evolutionary conservation of primary sequence as a pre-
dictor of lncRNA function. LncRNAs can be subdivided into func-
tional (left, purple) and non-functional (right, green) categories. Evo-
lutionary conservation (EC) of RNA sequences is often used to infer
their biological significance – namely, their function. EC will pre-
dict true positives (conserved, functional elements), false negatives
(non-conserved, functional elements) as well as true negatives (non-
functional, non-conserved sequences) and false positives (conserved,
non-functional sequences). It is generally admitted that EC should
generate little to no false positives: it is highly specific. However, ex-
perimental data shows that EC sometimes fails to predict functional
lncRNAs, namely, it lacks in sensitivity. A few examples of functional
lncRNAs are reported in the corresponding plot areas (see text and
Supplementary Figures for details and bibliographic references). Note
that neither the area sizes, nor the number of examples represented are
exactly proportional to the real size of the corresponding sets.
High-quality annotations as a foundation of lncRNA experimental charac-
terization. Gene function can be studied using reverse genetics perturbation
techniques (see Section II). The CRISPR-Cas9 method (Clustered Regularly In-
terspaced Short Palindromic Repeats Cas9) coupled with individual single-guide
RNAs (sgRNAs) efficiently produces loss-of-function mutations in protein-coding
genes315,316. Because noncoding sequences are much less constrained, such point
42 INTRODUCTION
mutations are unlikely to reliably inactivate lncRNAs, however. An additional,
prominent difficulty with lncRNA functional studies lies in the capacity to distin-
guish between effects due to cis-acting DNA elements vs RNA-level modes of action
when attempting to explain a phenotype. As a result, lncRNA functional screens
often employ combinations of several disruption techniques, including promoter
or gene knockouts using pairs of sgRNAs317,318, genomic insertion of premature
polyadenylation signals295, CRISPRi (CRISPR interference, i.e., CRISPR-mediated
transcription inhibition), CRISPRa (CRISPR-mediated activation of transcription)319,
and RNA interference320.
These experimental methods hold the promise of genome-scale, high-throughput
lncRNA functional surveys. They also have one important feature in common, which
is that they rely on accurate, exhaustive gene annotations. As presented above, there
is ample evidence, however, that mammalian lncRNA gene sets lack in such quali-
ties. SGS-based resources, while extremely sensitive, suffer from patent inaccuracies
due to the difficulties in reassembling transcript models from short read data (see
’Second-Generation Sequencing (SGS) methods’, page 14 and Section III.3.2.2). In
comparison, reference catalogs such as GENCODE, while lacking in depth, arguably
provide a more precise view of the mammalian transcriptome – although reference
transcript models still exhibit doubtful characteristics, particularly at their bound-
aries (see Section III.3.2.3). In other words, annotation incompleteness stems from a
currently inevitable trade-off between depth and quality, which consequently ham-
pers the full deployment of lncRNA functional genomic studies.
Objectives
The main objective of the present Thesis Project is to produce a more accurate long
noncoding RNA genome annotation than is currently available in human. Providing
such a complete and reliable resource is critical to the understanding of this gene
class’s biology. Using targeted transcriptome sequencing methods, the objectives of
this Thesis Project are:
1. To develop high-throughput, high-quality lncRNA annotation methods based
on current long-read sequencing technologies, reducing manual intervention to
a minimum;
2. To improve the accuracy of the currently annotated lncRNA transcript models
in the reference GENCODE resource, and to advance towards a comprehensive
catalog of human lncRNA gene loci;
3. In light of this enhanced annotation, to re-evaluate the genomic properties of
lncRNAs reported in past studies;
4. To systematically compare the strengths and weaknesses of publicly available
lncRNA annotation resources, including the improved GENCODE catalog gen-
erated in this Thesis Project.
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I
Extension of human lncRNA transcripts by
RACE coupled with long-read high-throughput
sequencing (RACE-Seq)
Lagarde J, Uszczynska-Ratajczak B, Santoyo-Lopez J, Gonzalez JM, Tapanari E,
Mudge JM, Steward CA, Wilming L, Tanzer A, Howald C, Chrast J, Vela-Boza A,
Rueda A, Lopez-Domingo FJ, Dopazo J, Reymond A, Guigó R, Harrow J. Extension
of human lncRNA transcripts by RACE coupled with long-read high-throughput sequencing
(RACE-Seq). Nature Communications 2016 Aug 17; 7:12339.
URL: https://doi.org/10.1038/ncomms12339
Abstract:
Long non-coding RNAs (lncRNAs) constitute a large, yet mostly uncharacterized frac-
tion of the mammalian transcriptome. Such characterization requires a comprehensive, high-
quality annotation of their gene structure and boundaries, which is currently lacking. Here
we describe RACE-Seq, an experimental workflow designed to address this based on RACE
(rapid amplification of cDNA ends) and long-read RNA sequencing. We apply RACE-Seq to
398 human lncRNA genes in seven tissues, leading to the discovery of 2,556 on-target, novel
transcripts. About 60% of the targeted loci are extended in either 5’ or 3’, often reaching ge-
nomic hallmarks of gene boundaries. Analysis of the novel transcripts suggests that lncRNAs
are as long, have as many exons and undergo as much alternative splicing as protein-coding
genes, contrary to current assumptions. Overall, we show that RACE-Seq is an effective
tool to annotate an organism’s deep transcriptome, and compares favourably to other targeted
sequencing techniques.
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❤♥❜✆✄❝✄✔✁t✄✠☎ ✠♦ ✞✢✌✍ ✭❝ ✆✄❞ ❝ ♦✆✠♠ ✞ ✂✂☛✂✁✆ ❘✌✍✏ t✠ ❜ ✁❝♣
✂✄☎✤ ❝ ✠✂✄☞✠☎☛✞✂ ✠t✄❝  ✟✆✠❜ ✝ t❤✁t ✁✆  t✄✂ ❝ ✁☎❝ ✞✠♠✟✂ ♠ ☎t✁✆♥ t✠
 ✡✠☎✝
✶✾✑✒✣
✎ ❘✌✍ ✛✁✟t☛✆ ❙ ✦ ✟✆✠❞ ❝ t✠ ❜   ♦♦ ✞t✄❞  ♦✠✆ t❤ 
❝✄✝✞✠❞ ✆♥ ✠♦ ☎✠❞ ✂ ✂✠❣✂♥  ✡✟✆ ✝✝ ❝ t✆✁☎✝✞✆✄✟t✝ ✁☎❝ ✁✂✂✠❣✝ ♦✠✆ t❤ ✄✆
✦☛✁☎t✄r✞✁t✄✠☎ ✁☎❝ ✁✝✝ ♠❜✂♥✎ ❍✠❣ ❞ ✆❧ t❤✄✝ ✟✆✠✞ ❝☛✆  ❤✁✝ ☎✠t
❜  ☎ ❝ ✝✄☞☎ ❝ t✠ ✝✟ ✞✄r✞✁✂✂♥ ✁❝❝✆ ✝✝ t❤  ✟✆✠✟ ✆ ❝ r☎✄t✄✠☎ ✠♦ ✘
➡
✁☎❝ ✪
➡
t✆✁☎✝✞✆✄✟t  ☎❝✝❧ ✁☎❝ ✁✝ ✁ ✆ ✝☛✂t ✠t❤ ✆ ♠ t❤✠❝✝ ✁✆  ✆ ✦☛✄✆ ❝
♦✠✆ t❤  ✟✆ ✞✄✝   ✡✟ ✆✄♠ ☎t✁✂ ✁☎☎✠t✁t✄✠☎ ✠♦ ☞ ☎  ❜✠☛☎❝✁✆✄ ✝✎
❚✠ ✄♠✟✆✠❞  t❤  ✁☎☎✠t✁t✄✠☎ ✠♦ t❤  ❜✠☛☎❝✁✆✄ ✝ ✠♦ ✂✠❣♣ ✡✟✆ ✝✝ ❝
☞ ☎ ✝❧ ❣  ✞✠☛✟✂ ❝ t❤  ❣✄❝ ✂♥ ☛✝ ❝ ❘✍✛✚ t ✞❤☎✄✦☛  ✭✆✁✟✄❝
✁♠✟✂✄r✞✁t✄✠☎ ✠♦ ✞✢✌✍  ☎❝✝
✒✶
✏ t✠ ❤✄☞❤♣t❤✆✠☛☞❤✟☛t ✝ ✦☛ ☎✞✄☎☞❸
➃❘✍✛✚♣❙ ✦q✎ ■☎ ❘✍✛✚♣❙ ✦❧ ❣  ✞✁✆✆♥ ✠☛t ❘✍✛✚ ❣✄t❤ ✟✆✄♠ ✆✝
❝ ✝✄☞☎ ❝ ✄☎ t✁✆☞ t ❝ ✂✠✞✄ ❣✄t❤ t❤  ✁✄♠ ✠♦ ✟✆✠❝☛✞✄☎☞ ✞✢✌✍
✝ ✦☛ ☎✞ ✝ t❤✁t ✆ ✁✞❤ t❤  t✆✁☎✝✞✆✄✟t t ✆♠✄☎✄✎ ❘✍✛✚ ✟✆✠❝☛✞t✝
✁✆  t❤ ☎ ✝☛❜✓ ✞t ❝ t✠ ❤✄☞❤♣t❤✆✠☛☞❤✟☛t ✂✠☎☞♣✆ ✁❝ ✝ ✦☛ ☎✞✄☎☞
✭♦✠✆  ✡✁♠✟✂ ❧ ❘✠✞❤  ✹✘✹✏✎ ❲  ❤ ✆  ✁✟✟✂♥ ❘✍✛✚♣❙ ✦ t✠ ✁
✝ ✂ ✞t✄✠☎ ✠♦ ✪✫✽ ✂☎✞❘✌✍ ✂✠✞✄ ♦✆✠♠ t❤  ✆ ♦ ✆ ☎✞  ●✚✌✛✜✢✚ ❞✼
✞✁t✁✂✠☞☛ 
✖
❧ ♠✠✝t ✠♦ t❤ ♠ ✂✠❣♣ ✡✟✆ ✝✝ ❝ ✁☎❝ ✂✁✞✤✄☎☞ t♥✟✄✞✁✂ ☞ ☎ 
❜✠☛☎❝✁✆♥ ❤✁✂✂♠✁✆✤✝✎ ❲  ❝✄✝✞✠❞ ✆ ✷❧✘✘✻ ☎✠❞ ✂❧ ♠✁☎☛✁✂✂♥ ✞☛✆✁t ❝
✆✁✆  ✄✝✠♦✠✆♠✝✎ ❚❣✠ t❤✄✆❝✝ ✠♦ t❤✠✝   ✡t ☎❝ t❤ ✄✆ ✟✁✆ ☎t ✂✠✞☛✝ ❜ ♥✠☎❝
t❤ ✄✆ ✟✆ ❞✄✠☛✝✂♥ ✁☎☎✠t✁t ❝ ❜✠☛☎❝✁✆✄ ✝❧ ✠♦t ☎ ✆ ✁✞❤✄☎☞ ♠✁✆✤✝ ✠♦
t✆✁☎✝✞✆✄✟t✄✠☎ ✄☎✄t✄✁t✄✠☎ ✁☎❝ t ✆♠✄☎✁t✄✠☎❧ ✝☛✞❤ ✁✝ ✛✍●✚ t✁☞✝ ✁☎❝
✟✠✂♥♣✁❝ ☎♥✂✁t✄✠☎ ✝✄t ✝✎ ❲  ♦✠☛☎❝ t❤✁t ❜✠t❤ t❤  ✝ ☎✝✄t✄❞✄t♥ ✁☎❝
✝✟ ✞✄r✞✄t♥ ✠♦ ❘✍✛✚♣❙ ✦ ✁✆  ☞✆ ✁t✂♥  ☎❤✁☎✞ ❝ ❜♥ t❤  ☛✝  ✠♦ ✁
✝ ✞✠☎❝❧ ☎ ✝t ❝ ✝ t ✠♦ ✟✆✄♠✄☎☞ ✠✂✄☞✠☎☛✞✂ ✠t✄❝ ✝✎ ✜❞ ✆✁✂✂❧ ❣  ✝❤✠❣
t❤✁t ❘✍✛✚♣❙ ✦ ✄✝ ✁ ❤✄☞❤✂♥  ♦r✞✄ ☎t ♠ t❤✠❝❧ ❣ ✂✂♣✝☛✄t ❝ ♦✠✆ ❜✠t❤
☎✠❞ ✂ ✄✝✠♦✠✆♠ ❝✄✝✞✠❞ ✆♥ ✁☎❝ ☞ ☎  ❜✠☛☎❝✁✆♥ ✞❤✁✆✁✞t ✆✄✔✁t✄✠☎✎
✬✮✯✰✱✲✯
✳✴✵✺✿❁❂❃ ❄❂❅❂❆❈❉ s❊❆❈❊❂❄❋ ❈❅❛ ❏❆❑❑▼✿❑▼✿◆❑❅◆❂❏❊✎ ❚❤  ✠☛t✂✄☎ 
✠♦ t❤  ❘✍✛✚♣❙ ✦ ✟✆✠✞ ❝☛✆  ✄✝ ❝ ✟✄✞t ❝ ✄☎ ❖✄☞✎ ✗✎ ❖✠✆  ✁✞❤ ✂✠✞☛✝ ✄☎
✁ ☞✄❞ ☎ ✝ t ✠♦ ✁☎☎✠t✁t ❝ ☞ ☎ ✝❧ ✘
➡
✁☎❝◗✠✆ ✪
➡
❘✍✛✚ ✟✆✄♠ ✆✝ ✁✆ 
❝ ✝✄☞☎ ❝ ✐❳ ❨✐❩✐❬❭ ✁✂✠☎☞ t❤  t✆✁☎✝✞✆✄✟t ✝ ✦☛ ☎✞ ✝ ✝✠ t❤✁t t❤ 
✆ ✝☛✂t✄☎☞ ❘✍✛✚ ✟✆✠❝☛✞t ❤✁✝ ✁ ✝☛✄t✁❜✂  ✝✄✔  ♦✠✆ t❤  ✂✠☎☞♣✆ ✁❝
✝ ✦☛ ☎✞✄☎☞ ✟✂✁t♦✠✆♠ ✄☎ ☛✝  ✭✝   ❪ t❤✠❝✝✏✎ ❚✠ ✂✄♠✄t ✠♦♦♣t✁✆☞ t
❘✍✛✚ ✁♠✟✂✄r✞✁t✄✠☎❧ ✄t ✄✝ ❜ ☎ r✞✄✁✂ t✠ ✄☞☎✠✆  ✟✆✄♠ ✆✝  ✡❤✄❜✄t✄☎☞
✝☛❜✝t✁☎t✄✁✂ ✝ ✦☛ ☎✞  ✄❝ ☎t✄t♥ ❣✄t❤ ✁☎♥ t✆✁☎✝✞✆✄❜ ❝ ✆ ☞✄✠☎ ✄☎ t❤ 
☞ ☎✠♠  ✠t❤ ✆ t❤✁☎ t❤ ✄✆ ✄☎t ☎❝ ❝ t✁✆☞ t ✭❫✽✙❴ ✄❝ ☎t✄t♥ ✄☎ ✠☛✆
t ✝t ✞✁✝ ✏✎ ❚✠ ✄☎✞✆ ✁✝  ♦☛✆t❤ ✆ ❘✍✛✚ ✝✟ ✞✄r✞✄t♥❧ ✁ ✝ ✞✠☎❝ ➃☎ ✝t ❝q
✟✆✄♠ ✆❧ ✟✂✁✞ ❝ ✁✝ ✞✂✠✝  ✁✝ ✟✠✝✝✄❜✂ ❧ ❝✠❣☎✝t✆ ✁♠ ✠♦ t❤  r✆✝t ✠☎ ❧
✞✁☎ ❜  ❝ ✝✄☞☎ ❝ ☛✝✄☎☞ t❤  ✝✁♠  ✝ ✂ ✞t✄✠☎ ✞✆✄t ✆✄✁ ✁✝ ❜ ♦✠✆ ✎ ❘✍✛✚
✆ ✁✞t✄✠☎✝ ✁✆  t❤ ☎ ✞✁✆✆✄ ❝ ✠☛t ✄☎ ❘✌✍  ✡t✆✁✞t ❝ ♦✆✠♠ t❤  ✞ ✂✂☛✂✁✆
✝✁♠✟✂ ✝ ✠♦ ✄☎t ✆ ✝t✎ ❖✄☎✁✂✂♥❧ ❘✍✛✚ ✟✆✠❝☛✞t✝ ✁✆  ✝☛❜✝ ✦☛ ☎t✂♥
✝ ✦☛ ☎✞ ❝ ☛✝✄☎☞ ✁ ❤✄☞❤♣t❤✆✠☛☞❤✟☛t ✂✠☎☞♣✆ ✁❝ ✝ ✦☛ ☎✞✄☎☞ ✟✂✁t♣
♦✠✆♠❧ ✁☎❝ ✆ ✝☛✂t✄☎☞ ✆ ✁❝✝ ✁✆  ✁✂✄☞☎ ❝ ✁☎❝ ✁✝✝ ♠❜✂ ❝ ✄☎t✠ ✝✟✂✄✞ ❝
t✆✁☎✝✞✆✄✟t✝ ✠☎ t❤  ☞ ☎✠♠ ✎
✍✝ ✁ ✟✆✠✠♦♣✠♦♣✞✠☎✞ ✟t❧ ❣  t✁✆☞ t ❝ ✪✫✽ ❝✄✝t✄☎✞t ✂☎✞❘✌✍ ✂✠✞✄
♦✆✠♠ t❤  ●✚✌✛✜✢✚ ❞✼ ✁☎☎✠t✁t✄✠☎
✖✑✥
❧ ✁☎❝ ✟ ✆♦✠✆♠ ❝ ❘✍✛✚♣❙ ✦
✠☎ ✁ ✝ t ✠♦ ✞✢✌✍ ✂✄❜✆✁✆✄ ✝ ♦✆✠♠ ✼ ❤☛♠✁☎ t✄✝✝☛ ✝ ✭❜✆✁✄☎❧ ❤ ✁✆t❧
✤✄❝☎ ♥❧ ✂✄❞ ✆❧ ✂☛☎☞❧ ✝✟✂  ☎ ✁☎❝ t ✝t✄✝✏ ✤☎✠❣☎ t✠ ✞✠❞ ✆ ✁ ✂✁✆☞ 
♦✆✁✞t✄✠☎ ✠♦ t❤  ✁☎☎✠t✁t ❝ ❤☛♠✁☎ t✆✁☎✝✞✆✄✟t✠♠ 
✒✒
✎ ❲  ✝☛❜❝✄❞✄❝ ❝
✠☛✆ ✝ t ✠♦ t✁✆☞ t ✂☎✞❘✌✍✝ ✄☎ t❣✠ ✝☛❜✝ t✝❧ ❝ ✟ ☎❝✄☎☞ ✠☎ ❣❤ t❤ ✆
t❤ ✄✆ ✁☎☎✠t✁t ❝ ✘
➡
 ☎❝ ❣✁✝ ✝☛✟✟✠✆t ❝ ❜♥ ✛✍●✚ t✁☞✝ ✭✁✝ ✄❝ ☎t✄r ❝
❜♥ t❤  ❖✍✌❚✜❪ ✟✆✠✓ ✞t
✸
✭❵➻ ✗✽✙✏❧ ✠✆ ☎✠t ✭❵➻ ✷✗✽✏ ✭✝  
❪ t❤✠❝✝✏✏✎ ❚❤  ❘✍✛✚ ✞✢✌✍ ♠✄✡t☛✆ ✝ ❣ ✆  t❤ ☎ ✝ ✦☛ ☎✞ ❝
☛✝✄☎☞ t❤  ❘✠✞❤  ✹✘✹ ❖▲❡þ ✟✂✁t♦✠✆♠✎ ❘ ✁❝✝ ✠❜t✁✄☎ ❝ ❤✁❞  ✁☎
✁❞ ✆✁☞  ✂ ☎☞t❤ ✠♦ ❢✻✙✙ ❜✟✎ ❙ ✦☛ ☎✞ ❝ ✆ ✁❝✝ ❣ ✆  ♠✁✟✟ ❝ t✠ t❤ 
☞ ☎✠♠  ☛✝✄☎☞ ✁ ✞✠♠❜✄☎✁t✄✠☎ ✠♦ ❇▲✍❚
✒✸
✁☎❝ ●❪✍P
✒✧
❧ ✁☎❝ t❤ 
✆ ✝☛✂t✄☎☞ ✁✂✄☞☎♠ ☎t✝ ❣ ✆  ♠✁☎☛✁✂✂♥ ✞☛✆✁t ❝ ✁☎❝ ✄☎✞✠✆✟✠✆✁t ❝
✄☎t✠ t❤  ●✚✌✛✜✢✚ ❤☛♠✁☎ ☞ ☎  ✝ t✎
❲  ✠❜t✁✄☎ ❝ ✁ r✆✝t ❜✁t✞❤ ✠♦ ❘✍✛✚♣❙ ✦ ✭✆ ♦ ✆✆ ❝ t✠ ✁✝
➃✝t✁☎❝✁✆❝ ❘✍✛✚q ❜ ✂✠❣✏ ☛✝✄☎☞ ✝t✁☎❝✁✆❝❧ ☎✠☎♣☎ ✝t ❝ ❘✍✛✚
✟✆✄♠ ✆✝ ✄☎  ✁✞❤ ✠♦ t❤  ✪✫✽ t✁✆☞ t✝✎ ❲  t❤ ☎ ✟ ✆♦✠✆♠ ❝ ☎ ✝t ❝
❘✍✛✚ ✠☎ ✁✂✄✦☛✠t✝ ✠♦ t❤  ✝t✁☎❝✁✆❝ ❘✍✛✚ ✆ ✁✞t✄✠☎✝ ✝✠ ✁✝ t✠
✄♠✟✆✠❞  t❤  ✁✝✝✁♥q✝ ✝ ☎✝✄t✄❞✄t♥ ✁☎❝ ✝✟ ✞✄r✞✄t♥✎ ■☎ t✠t✁✂❧ ✁❝❝✄☎☞ ✁☎
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✟✠✝✄t✄❞  ✂✠✞✄ ✭✷✽✫❧ t❤✁t ✄✝❧ ✼✪❴ ✠♦ t❤  t✠t✁✂✏ ❣ ✆  ❝ t ✞t ❝ ✄☎ ❜✠t❤
☎ ✝t ❝ ✁☎❝ ✝t✁☎❝✁✆❝ ❘✍✛✚❧ ✁☎❝ ✠☎✂♥ ✷✪ ✠♦ t❤ ♠ ❣ ✆  ✟✠✝✄t✄❞  ✄☎
✝t✁☎❝✁✆❝ ❘✍✛✚ ✠☎✂♥ ✭❙☛✟✟✂ ♠ ☎t✁✆♥ ❖✄☞✎ ✻✏✎
■☎  ✁✞❤ ✄☎❝✄❞✄❝☛✁✂ t✄✝✝☛ ❧ ☎ ✝t ❝ ❘✍✛✚♣❙ ✦ ✁✂❣✁♥✝ ✠☛t♣
✟ ✆♦✠✆♠ ❝ ✝t✁☎❝✁✆❝ ❘✍✛✚♣❙ ✦ ✭❖✄☞✎ ✪❜✏✎ ❚❤  ♠ ❝✄✁☎ ☎☛♠❜ ✆
✠♦ ✟✠✝✄t✄❞  t✁✆☞ t✝ ❣✁✝ ✹✫ ✭✗✷❴✏ ✁✞✆✠✝✝ ✁✂✂ ✝t✁☎❝✁✆❝ ❘✍✛✚♣❙ ✦
 ✡✟ ✆✄♠ ☎t✝❧ ✁☎❝ ✗✪✙ ✭✪✪❴✏ ✁✞✆✠✝✝ t❤  ☎ ✝t ❝ ✠☎ ✝✎ ❚❤ 
❝✄♦♦ ✆ ☎✞  ✄☎ ✝ ☎✝✄t✄❞✄t♥ ❜ t❣  ☎ ☎ ✝t ❝ ✁☎❝ ✝t✁☎❝✁✆❝ ❘✍✛✚
✝✁♠✟✂ ✝ ❣✁✝ ✟✁✆t✄✞☛✂✁✆✂♥ ✆ ♠✁✆✤✁❜✂  ✄☎ t❤  ✤✄❝☎ ♥ ✪
➡
❘✍✛✚
✝✁♠✟✂ ✝ ✭✪✻❴ ❞ ✆✝☛✝ ✽❴ ✝☛✞✞ ✝✝ ✆✁t ❧ ✆ ✝✟ ✞t✄❞ ✂♥✏❧ ✁☎❝ ✂ ✝✝
☎✠t✄✞ ✁❜✂  ✄☎ ♠✠✆  t✆✁☎✝✞✆✄✟t✄✠☎✁✂✂♥ ✞✠♠✟✂ ✡ t✄✝✝☛ ✝❧ ✝☛✞❤ ✁✝ t ✝t✄✝
✭✪
➡
❘✍✛✚❀ ✘✽ ❞ ✆✝☛✝ ✘✙❴ ✝☛✞✞ ✝✝ ✆✁t ❧ ✆ ✝✟ ✞t✄❞ ✂♥✏✎ ❲  ✁tt✆✄❜☛t 
t❤  ☎ ✝t ❝ ✝ t✝
➡
✝ ☎✝✄t✄❞✄t♥ ✄♠✟✆✠❞ ♠ ☎t✝ t✠ ✄t✝ ❜ tt ✆ ✝✟ ✞✄r✞✄t♥❧
❣❤✄✞❤❧ ❜♥ ✂✄♠✄t✄☎☞ t❤  ☎☛♠❜ ✆ ✠♦ ✠♦♦♣t✁✆☞ t ✆ ✁❝✝❧ ✂ ✁❝✝ t✠ ✁
❝  ✟ ✆ ✝✁♠✟✂✄☎☞ ✠♦ t❤  t✁✆☞ t ❝ t✆✁☎✝✞✆✄✟t✝✎ ❚✁✤ ☎ ☞✂✠❜✁✂✂♥❧ t❤ ✝ 
✆ ✝☛✂t✝ ✄☎❝✄✞✁t  t❤✁t❧ ✁✝ ✠☎  ✞✠☛✂❝  ✡✟ ✞t❧ ☎ ✝t ❝ ❘✍✛✚♣❙ ✦ ✄✝ ♦✁✆
♠✠✆  ✄☎♦✠✆♠✁t✄❞  t❤✁t ✝t✁☎❝✁✆❝ ❘✍✛✚♣❙ ✦❧ t❤✁t ✄✝❧ ✝☛✆✟✁✝✝ ✝ ✄t ✄☎
❜✠t❤ ✝ ☎✝✄t✄❞✄t♥ ✁☎❝ ✝✟ ✞✄r✞✄t♥ t ✆♠✝✎
❥❑❦❂❉ ✇s❑▼❑❆ s ✇❅ ❊❈❆❄❂❊❂❛ ❆❂❄✇❑❅s ❈❅❛ ❊✇ss✈❂ ❑❆✇❄✇❅✎ ❲ 
 ✡t ☎❝ ❝ ✗✼✻ ✂☎✞❘✌✍ ✂✠✞✄ ✁t t❤  ✘
➡
 ☎❝ ✁☎❝ ✗✫✪ ✂✠✞✄ ✁t t❤  ✪
➡
 ☎❝
✠☛t ✠♦ t❤  t✠t✁✂ ✠♦ ✪✫✽ ✂✠✞✄ t✁✆☞ t ❝ ♦✠✆  ✡t ☎✝✄✠☎ ♦✆✠♠
●✚✌✛✜✢✚ ❞✼ ✭❖✄☞✎ ✷✁✏✎ ✍♦t ✆  ✡t ☎✝✄✠☎❧ ✆ ♣✁☎☎✠t✁t✄✠☎ ✁☎❝
✂✠✞✄ ♠ ✆☞✄☎☞ ❣❤ ✆  ☎ ✞ ✝✝✁✆♥❧ t❤  t✠t✁✂ ☎☛♠❜ ✆ ✠♦ ✂☎✞❘✌✍ ✂✠✞✄
❣✁✝ ✆ ❝☛✞ ❝ t✠ ✪✹✪✎ ✜☎  ✟☛t✁t✄❞  ✂☎✞❘✌✍ ✂✠✞☛✝
✭✜❚❚❍❯❪●✙✙✙✙✙✙✙✫✪✘✗✏❧ ❣❤ ☎  ✡t ☎❝ ❝❧ ❣✁✝ ♦✠☛☎❝ t✠ ❜ ✁✆
✞✠❝✄☎☞ ✟✠t ☎t✄✁✂ ✁✝ ✄t ❣✁✝  ✡t ☎❝ ❝ t✠ ✠❞ ✆✂✁✟ t❤  ▲✁✁✂✄
✭▲ ☛✞✄☎ ♣✆✄✞❤ ✆ ✟ ✁t ✞✠☎t✁✄☎✄☎☞✏ ✞✠❝✄☎☞ ✂✠✞☛✝❧ t❤☛✝ ✄t✝ ❜✄✠t♥✟ 
❣✁✝ ✞❤✁☎☞ ❝ t✠ ✟✆✠t ✄☎♣✞✠❝✄☎☞✎ ✍❜✠☛t ✘✼ t✆✁☎✝✞✆✄✟t✝ ❣ ✆  ♠ ✆☞ ❝
✄☎t✠  ✡✄✝t✄☎☞ ✟✆✠t ✄☎♣✞✠❝✄☎☞ ✂✠✞✄ ✭✝    ✡✁♠✟✂  ✄☎ ❙☛✟✟✂ ♠ ☎t✁✆♥
❖✄☞✎ ✼❧ ❣❤ ✆  ✁ ✟☛t✁t✄❞  ✂☎✞❘✌✍ ✄✝ ✆ ♣✁☎☎✠t✁t ❝ t✠ ❜  ✟✁✆t ✠♦ t❤ 
❚❛☎✆✝ ✶ ⑤ ❈✞✟✠❛✡☛☞✞✌ ✞♦ ✈❛✡☛✞✍☞ ❚❚❙ ❞❛✎❛ ☞✝✎☞ ✇☛✎✏ ▼✝✡✑✒ P✞✆✓✔✲❙✝✕ ✠✝❛✒☞♣
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✘
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✘
➩➭➭ ➸▲➽♥
⑤❲❨❞❪❱➈ Õ♣❨❪❤⑦④⑨⑧Ö ❩➀❩ ➁➀ ❽✙✚
⑤❲❨❞❪❱➈ ❴♣❳❲❱❪❳ Õ♣➆➈❱❤⑦④⑨⑧Ö ❽❝❾➉✛ ➊➊ ❽❾✚
✜❨➆❱❪❭➄ ➅➆❳❭➄❞ ❽✛❝➊✢❾ ✛❝❾❽➊ ➀➊✚
❧➄➅⑦③④➈ ❽➉❝❩❩✙ ➉❝➉➉➀ ❽➁✚
❧✣✤✥✦✧✩ ❧✫✣✬ ✣✫✣✮✤✫✯✰✣✬ ✥✦✧❘ ✥✧✱✳✩ r✴✵✰✯ ✴✷✵❧✰✸✤✴✹✰✫✣ ✫❢ ✤❉✦✧ ✺✣✯✻❘ ✼✼✽✩ ✹r✴✣✻✤r✰✵✹✰✫✣ ✹✺r✷✰✣✴✹✰✫✣ ✻✰✹✺s
✽✹✴✹✰✻✹✰✤✻ ✴r✺ ✴❧✻✫ r✺✵✫r✹✺✯ ❢✫r ✹t✺ ❢✉❧❧ ✻✺✹✻ ✫❢ ●✳✦✱✾❉✳✮✴✣✣✫✹✴✹✺✯ ✵r✫✹✺✰✣✮✤✫✯✰✣✬ ✬✺✣✺✻ ✴✣✯ ❧✣✤✥✦✧✻ ❢✫r r✺❢✺r✺✣✤✺s
❚❛☎✆✝ ✿ ⑤ ❈✞✟✠❛✡☛☞✞✌ ✞♦ ✠✡✝✲ ❛✌❞ ✠✞☞✎✲❀✔❈❁ ❚❚❙☞ ❞❛✎❛ ☞✝✎☞ ✇☛✎✏ ✠✞✆✓✔ ✠✝❛✒☞ ✑❛✆✆✝❞ ✍☞☛✌❂ ✞✍✡ ❀✔❈❁✲❙✝✕ ❞❛✎❛♣
➥❑▲❑ ➽■▲ ✖➻▲❑Ò ★✖✖❙ ★✖✖❙ ➺Ò➻➽■ ▲➻ ❑ ◆❖P◗❚❙■❯ ✐➸♦■❍❍■Ñ Ó➻Ò✗❖❚❙■❯
▲❑❉ ✭
✘
➩➭➭ ➸▲➽♥
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▲❑❉ ✭
✘
➩➭➭ ➸▲➽♥
⑤❲❨❞❪❱➈ Õ♣❨❪❤⑦④⑨⑧Ö ❩➀❩ ➉❾✙ ➀➊✚
⑤❲❨❞❪❱➈ ❴♣❳❲❱❪❳ Õ♣➆➈❱❤⑦④⑨⑧Ö ❽❝❾➉✛ ➀➉❽ ➀❽✚
✥✧✱✳✩ r✴✵✰✯ ✴✷✵❧✰✸✤✴✹✰✫✣ ✫❢ ✤❉✦✧ ✺✣✯✻❘ ✼✼✽✩ ✹r✴✣✻✤r✰✵✹✰✫✣ ✹✺r✷✰✣✴✹✰✫✣ ✻✰✹✺s
❆ ❚✁✂✄☎ ③④⑤⑥⑦⑧ ⑨⑩❶❶⑥③❷⑨④⑤❷⑩③❹ ❺ ❻⑩❷❼ ❽❾❿❽❾➀➁➂➄➅➆➇➇➈❽➉➀➀➊
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I. Extension of lncRNAs with RACE-Seq 55
P ✁▲ ✭✟❤✠✝✟❤✁t✄❝♥✂✄☎✠✝✄t✠✂ ☞✂♥✞✁☎ ✁☎✞❤✠✆ ❜✄✠✝♥☎t❤ ✝✄✝❧ ✞✂✁✝✝ ▲✏
✂✠✞☛✝ ☛✝✄☎☞ ❘✍✛✚♣❙ ✦ ✆ ✁❝ ❝✁t✁✏✎ ❚❤  ☎☛♠❜ ✆ ✠♦ ✁✂t ✆☎✁t✄❞ ✂♥
✝✟✂✄✞ ❝ ❞✁✆✄✁☎t✝ ☞ ☎ ✆✁t ❝ ❜♥ t❤  ✘
➡
✁☎❝ ✪
➡
❘✍✛✚ ✄☎✞✆ ✁✝ ❝ ❜♥
❫✹ ♦✠✂❝ ♦✆✠♠ ✘✫✼ t✠ ✷❧✘✘✻ ✭❚✁❜✂  ✪✏❧ ✁☎❝ t❤  ♠ ❝✄✁☎ ✂ ☎☞t❤ ✠♦
t❤  t✆✁☎✝✞✆✄✟t✝ ✝✂✄☞❤t✂♥ ✄☎✞✆ ✁✝ ❝ ♦✆✠♠ ✻✷✪ t✠ ✼✙✹❧ ✁✂t❤✠☛☞❤ ☎✠t
✝✄☞☎✄r✞✁☎t✂♥ ✭P➻✙✎✼❧ ❲✄✂✞✠✡✠☎ ✆✁☎✤ ✝☛♠ t ✝t ❣✄t❤ ✞✠☎t✄☎☛✄t♥
✞✠✆✆ ✞t✄✠☎✏ ✭❖✄☞✎ ✹✁✏✎ ■t ✝❤✠☛✂❝ ❜  ♠ ☎t✄✠☎ ❝ t❤✁t ❘✍✛✚❧ ❜♥
❝ ✝✄☞☎❧ ❝✠ ✝ ☎✠t ✟✆✠❝☛✞  ♦☛✂✂♣✂ ☎☞t❤❧ ❚❙❙♣t✠♣❚❚❙ t✆✁☎✝✞✆✄✟t✝✎ ❚❤✄✝
✄✝ ❜ ✞✁☛✝  ❘✍✛✚ ✟✆✠❝☛✞t✝❧ ❜♥ ❝ r☎✄t✄✠☎❧ ✝t✁✆t ✁t t❤ ✄✆ ✠✆✄☞✄☎✁t✄☎☞
✟✆✄♠ ✆q✝ ✟✠✝✄t✄✠☎ ✁✂✠☎☞ t❤  t✁✆☞ t ❝ t✆✁☎✝✞✆✄✟t✎ ❚❤ ✆ ♦✠✆ ❧ ❣ 
✝✟ ✞☛✂✁t  t❤✁t t❤  ✂ ☎☞t❤ ✠♦ ✟✠✝t♣❘✍✛✚ t✆✁☎✝✞✆✄✟t✝ ✄✝ ❤ ✁❞✄✂♥
☛☎❝ ✆ ✝t✄♠✁t ❝✎
❚❤  ✁❞ ✆✁☞  ☎☛♠❜ ✆ ✠♦ t✆✁☎✝✞✆✄✟t✝ ✟ ✆ ✂✠✞☛✝ ✄☎✞✆ ✁✝ ❝ ♦✆✠♠ ✗✎✘
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❉ ✯✁✰✯✯ ✂✄
■☎✞✆ ✁✝ ❝ ✆ ✝✠✂☛t✄✠☎ ✄☎ ✁❞✁✄✂✁❜✂  t ✞❤☎✠✂✠☞✄ ✝ t✠ ♠✠☎✄t✠✆ ✞ ✂✂☛✂✁✆
t✆✁☎✝✞✆✄✟t✠♠ ✝ ❤✁❞  ✆ ✞ ☎t✂♥ ☛☎❞ ✄✂ ❝ ✁ ✟✂ t❤✠✆✁ ✠♦ ❘✌✍ ✝✟ ✞✄ ✝
❜ ♥✠☎❝ ♠❘✌✍✝✎ ✍♠✠☎☞ t❤ ♠❧ ✝✠♠  ✂☎✞❘✌✍✝ ❤✁❞  ❜  ☎ ✝❤✠❣☎
t✠ ✟✂✁♥ ✄♠✟✠✆t✁☎t ✆✠✂ ✝ ✄☎ ✞ ✂✂ ♦☛☎✞t✄✠☎
✒✥✑✒✾
✎ ▲☎✞❘✌✍✝ ❤✁❞ 
✞❤✁✆✁✞t ✆✄✝t✄✞ t✄✝✝☛  ✝✟ ✞✄r✞✄t♥ ✁☎❝ ✂✠❣♣ ✡✟✆ ✝✝✄✠☎ ✂ ❞ ✂✝❧ ❣❤✄✞❤
♠✁✤ ✝ t❤ ♠ ✞❤✁✂✂ ☎☞✄☎☞ t✠ ✁☎☎✠t✁t ✎ ❲❤✄✂  ♠❘✌✍✝❧ ✁✝ ❣ ✂✂ ✁✝
✝✠♠  ✝♠✁✂✂ ❘✌✍ ♦✁♠✄✂✄ ✝❧  ✡❤✄❜✄t ✝ ✦☛ ☎✞  ✁☎❝◗✠✆ ✝t✆☛✞t☛✆✁✂
✞✠☎✝t✆✁✄☎t✝ t❤✁t ✞✁☎ ❜   ♠✟✂✠♥ ❝ ❜♥ ✞✠♠✟☛t✁t✄✠☎✁✂ ♠ t❤✠❝✝ t✠
♦✁✞✄✂✄t✁t  t❤ ✄✆ ✄❝ ☎t✄r✞✁t✄✠☎ ✁☎❝ ✁☎☎✠t✁t✄✠☎❧ ✝☛✞❤ ✞✠☎✝t✆✁✄☎t✝ ✁✆ 
♠✠✝t✂♥ ✁❜✝ ☎t ✁♠✠☎☞ ✂☎✞❘✌✍✝
✸✣
✎ ❚❤ ✆  ✄✝ ✄☎❝  ❝ ✝t✆✠☎☞  ❞✄❝ ☎✞ 
t❤✁t t❤   ✡✠☎✄✞ ✝t✆☛✞t☛✆  ✁☎❝ t❤  t✆✁☎✝✞✆✄✟t t ✆♠✄☎✄ ✠♦ ✂☎✞❘✌✍✝
✁✆  ☎✠t ✁✝ ❣ ✂✂♣✁☎☎✠t✁t ❝ ✁✝ t❤✠✝  ✠♦ ✟✆✠t ✄☎♣✞✠❝✄☎☞ ☞ ☎ ✝✎ ❖✠✆
✄☎✝t✁☎✞ ❧ ✠☎✂♥ ✗✘❴ ✠♦ t❤ ♠ ❤✁❞  ✚✌✛✜✢✚ ✛✍●✚ ❝✁t✁ ✝☛✟✟✠✆t ✁t
t❤ ✄✆ ✘
➡
 ☎❝ ✞✠♠✟✁✆ ❝ ❣✄t❤ ✘✘❴ ✠♦ ✟✆✠t ✄☎♣✞✠❝✄☎☞ ✂✠✞✄❧ ✁✞✞✠✆❝✄☎☞
t✠ ✁ ✷✙✗✷ ✝t☛❝♥
✥
✎
❍ ✆  ❣  ✄☎t✆✠❝☛✞ ❝ t❤  ❘✍✛✚♣❙ ✦ ♠ t❤✠❝✠✂✠☞♥ ✁☎❝ ☛✝ ❝ ✄t t✠
 ☎❤✁☎✞  ✂☎✞❘✌✍ ✁☎☎✠t✁t✄✠☎✎ ❚❤  ✄❝ ✁ ✠♦ ✞✠♠❜✄☎✄☎☞ ❘✍✛✚ ❣✄t❤
❤✄☞❤♣t❤✆✠☛☞❤✟☛t ✝ ✦☛ ☎✞✄☎☞ ❣✁✝ ✟✆ ❞✄✠☛✝✂♥ ❝ ✝✞✆✄❜ ❝ ❜♥ ✜✂✄❞✁✆♣
✄☛✝ ❡✞ ❛❩✟
✸✶
✎ ❍✠❣ ❞ ✆❧ t❤✄✝ ✝t☛❝♥ ✟✆ ✝ ☎t ❝ ✠☎✂♥ ✘
➡
❘✍✛✚ ✁☎✁✂♥✝✄✝
✠♦ ✗✼ ✟✆✠t ✄☎♣✞✠❝✄☎☞ ☞ ☎ ✝ ✁☎❝ ✞✠♠✟✁✆ ❝ ✝✄☎☞✂  ✝❤✠✆t♣✆ ✁❝
■✂✂☛♠✄☎✁ ✝ ✦☛ ☎✞✄☎☞ ❣✄t❤ ❙✁☎☞ ✆ ✝ ✦☛ ☎✞✄☎☞❧ ✁☎❝ t❤☛✝ ❝✄❝ ☎✠t
♦☛✂✂♥  ✡✟✂✠✆  t❤  ❤✄☞❤♣t❤✆✠☛☞❤✟☛t ✟✠t ☎t✄✁✂ ✠♦ t❤✄✝ ✁✟✟✆✠✁✞❤✎ ■☎
✞✠☎t✆✁✝t❧ ❣  t ✝t ❝ t❤  ✁✟✟✆✠✁✞❤ ✠☎ ✁ ✝ t ✠♦ ✁✂♠✠✝t ✹✙✙ ❤☛♠✁☎
✂☎✞❘✌✍✝ ✄☎ ✼ t✄✝✝☛ ✝❧ ❣✄t❤ ❜✠t❤ ✘
➡
✁☎❝ ✪
➡
❘✍✛✚❧ ✁☎❝ ☛☎✞✠❞ ✆ ❝
♠✁☎♥ ✟✆ ❞✄✠☛✝✂♥ ☛☎✁☎☎✠t✁t ❝ t✆✁☎✝✞✆✄✟t✝✎ ❲  ✄☎✞✆ ✁✝ ❝ t❤ 
☎☛♠❜ ✆ ✠♦ t✆✁☎✝✞✆✄✟t✝ ✟ ✆ ✂☎✞❘✌✍ ✂✠✞☛✝ ♦✆✠♠ ✗✎✘ t✠ ✼✎✘ ✭✝  
❚✁❜✂  ✪✏❧ ✁☎❝  ✡t ☎❝ ❝ t❤  ✘
➡
✁☎❝◗✠✆ ✪
➡
❜✠☛☎❝✁✆✄ ✝ ✠♦ t❤  ✂✠✞✄ ✄☎
✻✙❴ ✠♦ t❤  ✞✁✝ ✝✎ ❚❤  ✛✍●✚ ✞✠❞ ✆✁☞  ✠♦ ❚❙❙✝ ❣✄t❤✄☎ t❤  t✁✆☞ t ❝
☞ ☎ ✝ ✄☎✞✆ ✁✝ ❝ ❜♥ ✷✽❴ ✁t t❤   ☎❝ ✠♦ t❤   ✡✟ ✆✄♠ ☎t❸♦✆✠♠ ✗✽✙
t✠ ✭✗✽✙þ✘✙➻ ✏ ✷✪✙ ✛✍●✚♣✝☛✟✟✠✆t ❝ ✂✠✞✄ ✭❙☛✟✟✂ ♠ ☎t✁✆♥
❖✄☞✎ ✪✏✎ P✁✆t✄✞☛✂✁✆✂♥ ☛✝ ♦☛✂ ❣✁✝ t❤  ☛✝✁☞  ✠♦ ☎ ✝t ❝ ❘✍✛✚♣❙ ✦❧
❣❤✄✞❤ ✂ ✁❝ t✠ ✁ ✷✎✷♣♦✠✂❝ ✆ ❝☛✞t✄✠☎ ✄☎ t❤  ☎☛♠❜ ✆ ✠♦ ❝ t ✞t ❝ ✠♦♦♣
t✁✆☞ t ✂✠✞✄ ✭❙☛✟✟✂ ♠ ☎t✁✆♥ ❖✄☞✎ ✘✏ ✞✠♠✟✁✆ ❝ ❣✄t❤ ✝t✁☎❝✁✆❝
❘✍✛✚♣❙ ✦✎
❲❤✄✂  ❘✍✛✚♣❙ ✦ ✂ ✁❝✝ t✠ t❤  ✄❝ ☎t✄r✞✁t✄✠☎ ✠♦ ♠✁☎♥ ☎✠❞ ✂
t✆✁☎✝✞✆✄✟t✝❧ ✝t✄✂✂ ✠☎✂♥ ✁❜✠☛t ✘✙❴ ✠♦ t❤  t✆✁☎✝✞✆✄✟t✝ ✁✆  ✠☎ ✁❞ ✆✁☞ 
♦☛✂✂♣✂ ☎☞t❤ ✄☎ ✁ ☞✄❞ ☎ ✂✠✞☛✝✎ ❚❤✄✝ ✞✠☛✂❝ ❜  ✄♠✟✆✠❞ ❝ ❜♥ ✆ ✟✂✁✞✄☎☞
t❤  ✹✘✹ t ✞❤☎✠✂✠☞♥❧ ❣❤✄✞❤ ❤✁✝ ✁☎ ✁❞ ✆✁☞  ✆ ✁❝ ✂ ☎☞t❤ ✠♦ ✻✙✙ ❜✟❧
❣✄t❤ ✁ ✂✠☎☞ ✆♣✆ ✁❝ ✝ ✦☛ ☎✞✄☎☞ t ✞❤☎✠✂✠☞♥❧ ✝☛✞❤ ✁✝ P✁✞❇✄✠ ✠✆
✌✁☎✠✟✠✆ 
✸✒
✎ ❚❤  ✝ ☎✝✄t✄❞✄t♥ ✠♦ ❘✍✛✚♣❙ ✦ ✞✠☛✟✂ ❝ ❣✄t❤ ✂✠☎☞ ✆
✆ ✁❝✝ ❣✄✂✂ ♦✁✞✄✂✄t✁t  ✁☛t✠♠✁t✄✞ ✁✝✝ ♠❜✂♥ ✠♦ ✄☎❝✄❞✄❝☛✁✂ t✆✁☎✝✞✆✄✟t✝❧
❣❤✄✞❤ ❤✁✝ ✟✆✠❞ ❝ ✟✆✠❜✂ ♠✁t✄✞ ✁☎❝ ✄☎✁✞✞☛✆✁t  ❣❤ ☎ ☛✝✄☎☞ ✝❤✠✆t ✆
✆ ✁❝✝
✶✥
❧ ✁☎❝ ✄t ❣✄✂✂ ✂ ✁❝ t✠ ✄♠✟✆✠❞ ❝ ✁☎☎✠t✁t✄✠☎✝✎ ■☎❝  ❝❧ ❣  ☛✝ ❝
t❤  ❞ ✆♥ ✂✁✆☞  ✞✠✂✂ ✞t✄✠☎ ✠♦ ✝❤✠✆t♣✆ ✁❝ ❘✌✍♣❙ ✦ ✝✁♠✟✂ ✝ ♦✆✠♠
♠☛✂t✄✟✂  t✄✝✝☛ ✝ ✞✠♠✟✄✂ ❝ ❜♥ t❤  ●❚✚✡ ✟✆✠✓ ✞t
✶✶
❧ ✁☎❝ ♦✠☛☎❝ t❤✁t
✠☎✂♥ ✪✗❴ ✠♦ t❤  t✁✆☞ t ❝ ✂☎✞❘✌✍ ✝✟✂✄✞  ✓☛☎✞t✄✠☎✝ ✞✠☛✂❝ ❜ 
❝ t ✞t ❝ ✄☎ t❤✄✝ ❝✁t✁ ✝ t✎ ❚❤✄✝ ❤✄☞❤✂✄☞❤t✝ t❤✁t ✞✠☎❞ ☎t✄✠☎✁✂❧
☛☎❜✄✁✝ ❝ ✝❤✠✆t♣✆ ✁❝ ❘✌✍♣❙ ✦ ✝☛♦♦ ✆✝ ♦✆✠♠ ✁ ✂✄♠✄t ❝ ✝✁♠✟✂✄☎☞
✞✁✟✁✞✄t♥ ☞✄❞ ☎ t❤  ✂✁✆☞  ❝♥☎✁♠✄✞ ✆✁☎☞  ✠♦ t✆✁☎✝✞✆✄✟t ✁❜☛☎❝✁☎✞ ✝
❣✄t❤✄☎ t❤  ✞ ✂✂✎
❚✠ ✁✂✂ ❞✄✁t ❧ ✄☎ ✟✁✆t❧ t❤  ✟✠✠✆ ✝ ☎✝✄t✄❞✄t♥ ✠♦ ☛☎❜✄✁✝ ❝ ♠ t❤✠❝✝❧
✝t✆✁t ☞✄ ✝ t❤✁t t✁✆☞ t ✝✟ ✞✄r✞ ☞ ☎✠♠✄✞ ✆ ☞✄✠☎✝ ❤✁❞  ✁✂✆ ✁❝♥ ❜  ☎
❝ ❞ ✂✠✟ ❝✎ ✌✠t✁❜✂♥ ✛✁✟t☛✆ ❙ ✦
✶✾✑✒✣
☛✝ ✝ ✠✂✄☞✠☎☛✞✂ ✠t✄❝  ✞✁✟t☛✆ 
t✠ ✟ ✆♦✠✆♠ ✝❤✠✆t ❘✌✍♣❙ ✦ ✄☎ ❘✌✍ ✟✠✟☛✂✁t✄✠☎✝  ☎✆✄✞❤ ❝ ♦✠✆
✝ ✂ ✞t ❝ ✂✠✞✄✎ ❙t✄✂✂❧ ❣  ♦✠☛☎❝ t❤✁t ✹✙❴ ✠♦ t❤  ❘✍✛✚♣❙ ✦ ✝✟✂✄✞ 
✓☛☎✞t✄✠☎✝ ✁✆  ☎✠t ✠❜✝ ✆❞ ❝ ✄☎ t❤  ✠☛t✟☛t ✠♦ ✛✁✟t☛✆ ❙ ✦❧ ✁☎❝ t❤✁t
✁✂t❤✠☛☞❤ ✠☎✂♥ ✼ t✄✝✝☛ ✝ ❣ ✆  ☛✝ ❝ ✄☎ ❘✍✛✚♣❙ ✦ t❤✄✝ ✆ ✝☛✂t ❝ ✄☎
t❤  ❝✄✝✞✠❞ ✆♥ ✠♦ ✁ ✂✁✆☞ ✆ ☎☛♠❜ ✆ ✠♦ t✆✁☎✝✞✆✄✟t✝ ✭✻✎✻ ✠☎ ✁❞ ✆✁☞  ✟ ✆
✂✠✞☛✝✏ t❤✁☎ ✛✁✟t☛✆ ❙ ✦ ✭✪✎✻ t✆✁☎✝✞✆✄✟t✝ ✟ ✆ ✂✠✞☛✝ ✠☎ ✁❞ ✆✁☞ ✏
 ❞ ☎ ❣❤ ☎ ✷✙ t✄✝✝☛ ✝ ❣ ✆   ♠✟✂✠♥ ❝✎ ❚❤✄✝ ❤✄☞❤✂✄☞❤t✝ t❤ 
✄♠✟✠✆t✁☎✞  ✠♦ ☛✝✄☎☞ ✂✠☎☞ ✆ ✆ ✁❝✝ ✁☎❝ ✝❤✠❣✝ t❤✁t ❘✍✛✚♣❙ ✦ ✄✝
❞ ✆♥  ♦r✞✄ ☎t t✠ t✁✆☞ t ✝✟ ✞✄r✞ ☞ ☎  ✞✂✁✝✝ ✝❧ ✝☛✞❤ ✁✝ ✂☎✞❘✌✍✝ t✠
☛☎✞✠❞ ✆ ❝  ✟ t✆✁☎✝✞✆✄✟t✄✠☎✁✂ ✞✠♠✟✂ ✡✄t♥✎ ❪✠✆ ✠❞ ✆❧ ❘✍✛✚♣❙ ✦
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✑✎✖❞ ✗✎r✉✎✔✣✒✔✘ ✑✎✤✎✖✙✗ ✓✛✙✎✣✉✙✖✑ ✣✛✮✖✗✗✛✣✒✖✕✒✛✔ ✛❢ ❞✒✗✕✖✔✕ ✗✏✙✒✣✒✔✘ ✎✤✎✔✕✗✦ ◆❛✁✄
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✽✈✦ ✬✙✕✗✣✍✉✙✢ ✯✦ ❋✦✢ ●✒✗✍✢ ❲✦✢ ★✒✙✙✎✑✢ ❲✦✢ ★✚✎✑✗✢ ✲✦ ❲✦ ✫ ❇✒✏✓✖✔✢ ✵✦ P✦ ✧✖✗✒✣ ✙✛✣✖✙
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I.2. Supplementary information
  
 
Supplemen
(“std”) and 
 
Supplemen
(blue) map
tary Figure 1: 
nested RACE-
tary Figure 2: 
ped uniquely (
Box-plots of re
Seq. 
Genome mapp
green) and mu
ad length distr
ing statistics. 
ltiple times (co
ibutions acros
Bar plot showi
ral) to the refe
s seven tissue
ng the number
rence human g
s targeted by 5
 of 454 reads t
enome (GRCh
’ and 3’ standa
hat were unma
37). 
 
rd 
 
pped 
64 PUBLICATIONS
Supplementary Figure 3: Flowchart explaining the CAGE enrichment analysis and summarized results. 
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 Dataset 
Total # TSS 
(clustered) 
# Clustered TSS 
+/- 50 bp from 
CAGE tag 
% Clustered TSS 
+/- 50 bp from 
CAGE tag 
Targets 
(pre-RACE) 
527 241 46% 
Targets 
(post-RACE, all) 
873 415 48% 
Targets 
(post-RACE, novel) 
615 252 41% 
CaptureSeq 
transcript 
models (all) 
343 203 59% 
CaptureSeq 
transcript 
models (novel) 
70 37 53% 
Supplementary Table 1: Table summarizing TSS discovery and CAGE coverage statistics in both RACE-Seq and 
Clark et al.’s CaptureSeq. 
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reads 
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ripts 
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fold 
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brai
n 
37,162
,929 
330,9
59 0.9% 
746,8
89 
41,01
9 5.5% 6.2 
655,5
24 
328,6
66 50.1% 56.3 
hea
rt 
35,835
,990 
564,3
11 1.6% 
857,5
52 
14,47
5 1.7% 1.1 
602,8
69 
171,6
68 28.5% 18.1 
kid
ney 
45,384
,859 
544,0
64 1.2% 
923,7
80 
28,10
4 3.0% 2.5 
730,4
76 
291,2
91 39.9% 33.3 
live
r 
39,432
,611 
282,2
30 0.7% 
652,5
92 
18,34
5 2.8% 3.9 
751,2
22 
199,5
11 26.6% 37.1 
lun
g 
48,531
,622 
792,6
44 1.6% 
809,1
39 
18,89
4 2.3% 1.4 
834,9
09 
256,8
59 30.8% 18.8 
spl
een 
33,051
,498 
475,4
24 1.4% 
807,7
53 
16,77
5 2.1% 1.4 
866,2
28 
272,3
86 31.4% 21.9 
test
is 
43,888
,261 
545,5
28 1.2% 
757,1
08 
76,25
0 10.1% 8.1 
679,7
35 
345,7
09 50.9% 40.9 
TO
TAL 
283,28
7,770 
3,535,
160 1.2% 
5,554
,813 
213,8
62 3.9% 3.1 
5,120
,963 
1,866,
090 36.4% 29.2 
Supplementary Table 2: On-target read enrichment statistics. 5’ and 3’ RACE datasets were merged in each tissue.  
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# Targets RACE 
direction 
RACE type # Targets 
successfully 
RACE’d 
% Targets 
successfully 
RACE’d 
 
 
398 
 
5’ 
Standard 248 62% 
Nested 314 79% 
Standard + 
Nested 
341 86% 
 
3’ 
Standard 255 64% 
Nested 293 73% 
Standard + 
Nested 
326 82% 
Supplementary Table 3:  Number and proportion of successfully RACE-amplified targets. 
 
Dataset Total # unique 
splice junctions 
# Supported by 
RNA CaptureSeq 
% Supported by 
RNA CaptureSeq 
Targets 
(pre-RACE) 
1,093 903 83% 
Targets updated 
(post-RACE) 
3,664 2,211 60% 
Supplementary Table 4: Detection of pre- and post-RACE-Seq targets by RNA CaptureSeq. Proportion of annotated 
splice junctions in pre- and post-RACE-Seq targets supported by RNA CaptureSeq. 
 
Dataset Total # unique 
splice 
junctions 
# Supported 
by 
454-RACE-
Seq 
% Supported 
by 
454-RACE-
Seq 
# Supported 
by 
SLR-Seq 
% Supported 
by 
SLR-Seq 
Targets 
(pre-RACE) 
1,093 817 74.8% 226 20.68% 
Targets 
updated 
(post-RACE) 
3,664 3,277 89.4% 281 9.11% 
Supplementary Table 5: Comparison of splice junction support by 454 RACE-seq and SLR-seq. 
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II
High-throughput annotation of full-length long
noncoding RNAs with capture long-read
sequencing
Lagarde J, Uszczynska-Ratajczak B, Carbonell S, Pérez-Lluch S, Abad A, Davis C,
Gingeras TR, Frankish A, Harrow J, Guigo R, Johnson R. High-throughput annotation
of full-length long noncoding RNAs with capture long-read sequencing. Nature Genetics
2017 Dec; 49(12):1731-1740.
URL: https://doi.org/10.1038/ng.3988
Abstract:
Accurate annotation of genes and their transcripts is a foundation of genomics, but cur-
rently no annotation technique combines throughput and accuracy. As a result, reference gene
collections remain incomplete—many gene models are fragmentary, and thousands more re-
main uncataloged, particularly for long noncoding RNAs (lncRNAs). To accelerate lncRNA
annotation, the GENCODE consortium has developed RNA Capture Long Seq (CLS), which
combines targeted RNA capture with third-generation long-read sequencing. Here we present
an experimental reannotation of the GENCODE intergenic lncRNA populations in matched
human and mouse tissues that resulted in novel transcript models for 3,574 and 561 gene
loci, respectively. CLS approximately doubled the annotated complexity of targeted loci, out-
performing existing short-read techniques. Full-length transcript models produced by CLS
enabled us to definitively characterize the genomic features of lncRNAs, including promoter
and gene structure, and protein-coding potential. Thus, CLS removes a long-standing bottle-
neck in transcriptome annotation and generates manual-quality full-length transcript models
at high-throughput scales.
II. High-throughput annotation of lncRNAs with CLS 75
II.1. Main article
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❛♠♣❧✐❢✐❝❛t✐♦♥ ♦❢ ❝✗✑✒ ❡♥❞s ❢♦❧❧♦✇❡❞ ❜② s❡q✉❡♥❝✐♥❣ ✭✏✒✚✕✲s❡q✮
✇❛s ❞❡✈❡❧♦♣❡❞ t♦ ❝♦♠♣❧❡t❡ ❧♥❝✏✑✒ ❛♥♥♦t❛t✐♦♥s✱ ❛❧❜❡✐t ❛t r❡❧❛t✐✈❡❧②
❧♦✇ t❤r♦✉❣❤♣✉t
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✖♥❡ ♦❢ t❤❡ ♣r✐♥❝✐♣❛❧ ✐♠♣❡❞✐♠❡♥ts t♦ t❤❡ ❛♥♥♦t❛t✐♦♥ ♦❢ ❧♥❝✏✑✒s
✐s t❤❡✐r ❧♦✇ st❡❛❞②✲st❛t❡ ❧❡✈❡❧s
✸✙✘✘
✳ ✓♦ ♦✈❡r❝♦♠❡ t❤✐s✱ ✏✑✒ ❝❛♣t✉r❡
s❡q✉❡♥❝✐♥❣ ✭✚❛♣t✉r❡✜❡q✮
✷✷
✐s ✉s❡❞ t♦ ❜♦♦st t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❧♦✇✲
❛❜✉♥❞❛♥❝❡ tr❛♥s❝r✐♣ts ✐♥ ❝✗✑✒ ❧✐❜r❛r✐❡s✳ ✜✉❝❤ st✉❞✐❡s ❞❡♣❡♥❞ ♦♥
s❤♦rt✲r❡❛❞ s❡q✉❡♥❝✐♥❣ ❛♥❞ ★✩ ✪★✫★✬✯ tr❛♥s❝r✐♣t r❡❝♦♥str✉❝t✐♦♥
✷✷➊✷✹
✳
✓❤✉s✱ ❛❧t❤♦✉❣❤ ✚❛♣t✉r❡✜❡q ❛❝❤✐❡✈❡s ❤✐❣❤ t❤r♦✉❣❤♣✉t✱ ✐ts tr❛♥s❝r✐♣t
str✉❝t✉r❡s ❧❛❝❦ t❤❡ ❝♦♥❢✐❞❡♥❝❡ r❡q✉✐r❡❞ ❢♦r ✐♥❝❧✉s✐♦♥ ✐♥ ✛✕✑✚✖✗✕✳
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❳❨❩❨❷❨❬
❭ ❸❁✴❹❁❅ ❺❅◗❫❻❃❂✴✴
❼
❭ ❸í✴❹❁❅ ❽é◗❂④⑧❄✴✰⑤❾
❳❨❩
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❳❨❩
❭
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➂
❭ ➃❾❻➀❅❵ ⑨➄❁❃❑❂◗❅❵
➂
❭ ❿❲❅➀ ➇◗❅❃⑦❁❵❾
➈
❭ ❏❂❃❃❁➉❂◗ ➋❅◗◗❻➌
➈❨❷
❭ ⑨❻❲❂◗❁⑤ ➄✰❁❑❻
❳❨❩
➍ ⑨❻◗⑥ ❏❻❾❃❵❻❃
❳❨❩❨❷
➎➏➏➐➑➒➓➔ ➒→→➣➓➒➓↔➣→ ➣↕ ➙➔→➔➛ ➒→➜ ➓➝➔↔➑ ➓➑➒→➛➏➑↔➟➓➛ ↔➛ ➒ ↕➣➐→➜➒➓↔➣→ ➣↕ ➙➔→➣➠↔➏➛➡ ➢➐➓ ➏➐➑➑➔→➓➤➥ →➣ ➒→→➣➓➒➓↔➣→ ➓➔➏➝→↔➦➐➔ ➏➣➠➢↔→➔➛
➓➝➑➣➐➙➝➟➐➓ ➒→➜ ➒➏➏➐➑➒➏➥➧ ➎➛ ➒ ➑➔➛➐➤➓➡ ➑➔↕➔➑➔→➏➔ ➙➔→➔ ➏➣➤➤➔➏➓↔➣→➛ ➑➔➠➒↔→ ↔→➏➣➠➟➤➔➓➔➨➠➒→➥ ➙➔→➔ ➠➣➜➔➤➛ ➒➑➔ ↕➑➒➙➠➔→➓➒➑➥➡ ➒→➜
➓➝➣➐➛➒→➜➛ ➠➣➑➔ ➑➔➠➒↔→ ➐→➏➒➓➒➤➣➙➔➜➡ ➟➒➑➓↔➏➐➤➒➑➤➥ ↕➣➑ ➤➣→➙ →➣→➏➣➜↔→➙ ➩➫➎➛ ➭➤→➏➩➫➎➛➯➧ ➲➣ ➒➏➏➔➤➔➑➒➓➔ ➤→➏➩➫➎ ➒→→➣➓➒➓↔➣→➡ ➓➝➔
➳➵➫➸➺➻➵ ➏➣→➛➣➑➓↔➐➠ ➝➒➛ ➜➔➼➔➤➣➟➔➜ ➩➫➎ ➸➒➟➓➐➑➔ ➽➣→➙ ➾➔➦ ➭➸➽➾➯➡ ➚➝↔➏➝ ➏➣➠➢↔→➔➛ ➓➒➑➙➔➓➔➜ ➩➫➎ ➏➒➟➓➐➑➔ ➚↔➓➝ ➓➝↔➑➜➪➙➔→➔➑➒➓↔➣→
➤➣→➙➪➑➔➒➜ ➛➔➦➐➔→➏↔→➙➧ ➶➔➑➔ ➚➔ ➟➑➔➛➔→➓ ➒→ ➔➹➟➔➑↔➠➔→➓➒➤ ➑➔➒→→➣➓➒➓↔➣→ ➣↕ ➓➝➔ ➳➵➫➸➺➻➵ ↔→➓➔➑➙➔→↔➏ ➤→➏➩➫➎ ➟➣➟➐➤➒➓↔➣→➛ ↔→
➠➒➓➏➝➔➜ ➝➐➠➒→ ➒→➜ ➠➣➐➛➔ ➓↔➛➛➐➔➛ ➓➝➒➓ ➑➔➛➐➤➓➔➜ ↔→ →➣➼➔➤ ➓➑➒→➛➏➑↔➟➓ ➠➣➜➔➤➛ ↕➣➑ ➘➡➴➷➬ ➒→➜ ➴➮➱ ➙➔→➔ ➤➣➏↔➡ ➑➔➛➟➔➏➓↔➼➔➤➥➧ ➸➽➾
➒➟➟➑➣➹↔➠➒➓➔➤➥ ➜➣➐➢➤➔➜ ➓➝➔ ➒→→➣➓➒➓➔➜ ➏➣➠➟➤➔➹↔➓➥ ➣↕ ➓➒➑➙➔➓➔➜ ➤➣➏↔➡ ➣➐➓➟➔➑↕➣➑➠↔→➙ ➔➹↔➛➓↔→➙ ➛➝➣➑➓➪➑➔➒➜ ➓➔➏➝→↔➦➐➔➛➧ ✃➐➤➤➪➤➔→➙➓➝
➓➑➒→➛➏➑↔➟➓ ➠➣➜➔➤➛ ➟➑➣➜➐➏➔➜ ➢➥ ➸➽➾ ➔→➒➢➤➔➜ ➐➛ ➓➣ ➜➔↕↔→↔➓↔➼➔➤➥ ➏➝➒➑➒➏➓➔➑↔❐➔ ➓➝➔ ➙➔→➣➠↔➏ ↕➔➒➓➐➑➔➛ ➣↕ ➤→➏➩➫➎➛➡ ↔→➏➤➐➜↔→➙ ➟➑➣➠➣➓➔➑
➒→➜ ➙➔→➔ ➛➓➑➐➏➓➐➑➔➡ ➒→➜ ➟➑➣➓➔↔→➪➏➣➜↔→➙ ➟➣➓➔→➓↔➒➤➧ ➲➝➐➛➡ ➸➽➾ ➑➔➠➣➼➔➛ ➒ ➤➣→➙➪➛➓➒→➜↔→➙ ➢➣➓➓➤➔→➔➏❒ ↔→ ➓➑➒→➛➏➑↔➟➓➣➠➔ ➒→→➣➓➒➓↔➣→ ➒→➜
➙➔→➔➑➒➓➔➛ ➠➒→➐➒➤➪➦➐➒➤↔➓➥ ↕➐➤➤➪➤➔→➙➓➝ ➓➑➒→➛➏➑↔➟➓ ➠➣➜➔➤➛ ➒➓ ➝↔➙➝➪➓➝➑➣➐➙➝➟➐➓ ➛➏➒➤➔➛➧
❮
❰ÏÐÑÒÏ ÓÔÒ ÕÏÐÔÖ×Ø ÙÏÚÛÜÝÑ×ÔÐ Þ❰ÙÕßà áâÏ ãÝÒØÏÜÔÐÝ äÐåÑ×ÑÛÑÏ ÔÓ æØ×ÏÐØÏ ÝÐç áÏØâÐÔÜÔÚèà ãÝÒØÏÜÔÐÝà æêÝ×Ðë
ì
îÐ×ïÏÒå×ÑÝÑ ðÔÖêÏÛ ñÝòÒÝ Þîðñßà ãÝÒØÏÜÔÐÝà æêÝ×Ðë
ó
Ùôõ õÏêÝÒÑÖÏÐÑà öÛÝÐÑ×ÑÝÑ×ïÏ ÕÏÐÔÖ×Ø ÷Ïç×Ø×ÐÏ øÝòÔÒÝÑÔÒ×Ïå ÞùÕÏÐÔÖ×Øåßà ãÝÒØÏÜÔÐÝà æêÝ×Ðë
ú
ñÛÐØÑ×ÔÐÝÜ ÕÏÐÔÖ×Øå ÕÒÔÛêà ❰ÔÜç æêÒ×ÐÚ ûÝÒòÔÒ øÝòÔÒÝÑÔÒèà ❰ÔÜç
æêÒ×ÐÚ ûÝÒòÔÒà üÏý þÔÒßà îæ❆ë
✺
❲ÏÜÜØÔÖÏ áÒÛåÑ æÝÐÚÏÒ äÐåÑ×ÑÛÑÏà û×Ð①ÑÔÐà î❑ë
✻
ðÒÏåÏÐÑ ÝççÒÏååÏå✿ ❰ÏÐÑÒÏ ÔÓ üÏý áÏØâÐÔÜÔÚ×Ïåà ❲ÝÒåÝýà ðÔÜÝÐç Þãëîë✲Ùëß❀ äÜÜÛÖ×ÐÝà
❰ÝÖòÒ×çÚÏà î❑ Þ❏ëûëß❀ õÏêÝÒÑÖÏÐÑ ÔÓ ❰Ü×Ð×ØÝÜ ÙÏåÏÝÒØâà îÐ×ïÏÒå×Ñè ÔÓ ãÏÒÐà ãÏÒÐà æý×Ñ③ÏÒÜÝÐç ÞÙë❏ëßë
✼
áâÏåÏ ÝÛÑâÔÒå ØÔÐÑÒ×òÛÑÏç ÏùÛÝÜÜè ÑÔ Ñâ×å ýÔÒßë ❰ÔÒÒÏåêÔÐçÏÐØÏ
åâÔÛÜç òÏ ÝççÒÏååÏç ÑÔ Ùë❏ë ÞÒÔÒèë❥ÔâÐåÔÐ❅çòÖÒëÛÐ×òÏëØâß ÔÒ ÙëÕë ÞÒÔçÏÒ×ØëÚÛ×ÚÔ❅ØÒÚëØÝÑßë
ÙÏØÏ×ïÏç ✶ ñÏòÒÛÝÒè❀ ÝØØÏêÑÏç ✶✶ ❖ØÑÔòÏÒ❀ êÛòÜ×åâÏç ÔÐÜ×ÐÏ   üÔïÏÖòÏÒ ✷✵✶✁❀ çÔ×✿✶✵ë✶✵✸✽✴ÐÚë✸✾✽✽
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■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ❞❡s❝r✐❜❡ ❛ ♥❡✇ ♠❡t❤♦❞✱ ✚✎✜✱ ✇❤✐❝❤ ❝♦✉♣❧❡s t❛r✲
❣❡t❡❞ ✏✑✒ ❝❛♣t✉r❡ ✇✐t❤ t❤✐r❞✲❣❡♥❡r❛t✐♦♥ ❧♦♥❣✲r❡❛❞ ❝✗✑✒ s❡q✉❡♥❝✲
✐♥❣✳❲❡ ✉s❡❞ ✚✎✜ t♦ ✐♥t❡rr♦❣❛t❡ t❤❡ ✛✕✑✚✖✗✕ ❝❛t❛❧♦❣ ♦❢ ✐♥t❡r❣❡♥✐❝
❧♥❝✏✑✒s✱ t♦❣❡t❤❡r ✇✐t❤ t❤♦✉s❛♥❞s ♦❢ s✉s♣❡❝t❡❞ ♥♦✈❡❧ ❧♦❝✐✱ ✐♥ s✐①
❤✉♠❛♥ t✐ss✉❡s ❛♥❞ s✐① ♠♦✉s❡ t✐ss✉❡s✳❲❡ ❞❡♠♦♥str❛t❡ t❤❛t ✚✎✜ ❝♦♠✲
❜✐♥❡s t❤❡ t❤r♦✉❣❤♣✉t ♦❢ ✚❛♣t✉r❡✜❡q ✇✐t❤ ❤✐❣❤✲❝♦♥❢✐❞❡♥❝❡✱ ❝♦♠♣❧❡t❡
tr❛♥s❝r✐♣t ♠♦❞❡❧s ❢r♦♠ ❧♦♥❣✲r❡❛❞ s❡q✉❡♥❝✐♥❣✱ r❡s✉❧t✐♥❣ ✐♥ ❛♥ ❛❞✈❛♥❝❡
✐♥ tr❛♥s❝r✐♣t♦♠❡ ❛♥♥♦t❛t✐♦♥✳
➩➵➾❯➽➲➾
➎➟➟➤↔➏➒➓↔➣→ ➣↕ ➸➽➾ ➓➣ ➏➣➠➟➤➔➓➔ ➤→➏➩➫➎ ➒→→➣➓➒➓↔➣→➛
✖✉r ❛✐♠✇❛s t♦ ❞❡✈❡❧♦♣ ❛♥ ❡①♣❡r✐♠❡♥t❛❧ ❛♣♣r♦❛❝❤ t❤❛t ❝♦✉❧❞ ✐♠♣r♦✈❡
❛♥❞ ❡①t❡♥❞ r❡❢❡r❡♥❝❡ tr❛♥s❝r✐♣t ❛♥♥♦t❛t✐♦♥s ✇❤✐❧❡ ♠✐♥✐♠✐③✐♥❣ ❤✉♠❛♥
✐♥t❡r✈❡♥t✐♦♥ ❛♥❞ ❛✈♦✐❞✐♥❣ ★✩ ✪★✫★✬✯ tr❛♥s❝r✐♣t ❛ss❡♠❜❧②✳ ❲❡ ❞❡s✐❣♥❡❞
✚✎✜✱ ✇❤✐❝❤ ❝♦✉♣❧❡s t❛r❣❡t❡❞ ✏✑✒ ❝❛♣t✉r❡ t♦ ✔❛❝✐❢✐❝ ❇✐♦s❝✐❡♥❝❡s
✭✔❛❝❇✐♦✮ t❤✐r❞✲❣❡♥❡r❛t✐♦♥ ❧♦♥❣✲r❡❛❞ s❡q✉❡♥❝✐♥❣ ✭❋✐❣✳ ✶❛✮✳
✚✎✜ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r t✇♦ ❞✐st✐♥❝t ♦❜❥❡❝t✐✈❡s✿ t♦ ✐♠♣r♦✈❡ ❡①✐st✐♥❣
❣❡♥❡ ♠♦❞❡❧s✱ ❛♥❞ t♦ ✐❞❡♥t✐❢② ♥♦✈❡❧ ❧♦❝✐ ✭❋✐❣✳ ✶❛✮✳ ✒❧t❤♦✉❣❤ ✐♥ t❤❡
♣r❡s❡♥t st✉❞② ✇❡ ❢♦❝✉s❡❞ ♠❛✐♥❧② ♦♥ t❤❡ ❢♦r♠❡r ❛✐♠✱ ✇❡ ❞❡♠♦♥str❛t❡
t❤❛t ♥♦✈❡❧ ❧♦❝✐ ❝❛♥ ❜❡ ❝❛♣t✉r❡❞ ❛♥❞ s❡q✉❡♥❝❡❞✳ ❲❡ ❝r❡❛t❡❞ ❛ ❝♦♠✲
♣r❡❤❡♥s✐✈❡ ❝❛♣t✉r❡ ❧✐❜r❛r② t❛r❣❡t✐♥❣ t❤❡ s❡t ♦❢ ✐♥t❡r❣❡♥✐❝ ✛✕✑✚✖✗✕
❧♥❝✏✑✒s ✐♥ ❤✉♠❛♥ ❛♥❞ ♠♦✉s❡ t✐ss✉❡s✳ ✒♥♥♦t❛t✐♦♥s ❢♦r ❤✉♠❛♥s ❛r❡
❝✉rr❡♥t❧② ♠♦r❡ ❝♦♠♣❧❡t❡ t❤❛♥ t❤♦s❡ ❢♦r ♠✐❝❡✱ ❛♥❞ t❤✉s t❤❡ ❛♥♥♦t❛t✐♦♥s
❛r❡ ❞✐❢❢❡r❡♥t s✐③❡s ✭✢✹✱✹✼✣ ❛♥❞ ✤✱✸✽✤ ❧♥❝✏✑✒ ❣❡♥❡s ✐♥ ✛✕✑✚✖✗✕
r❡❧❡❛s❡s ✦✣ ❛♥❞▼✸✱ r❡s♣❡❝t✐✈❡❧②✮✳ ✓❤❡✛✕✑✚✖✗✕ ❛♥♥♦t❛t✐♦♥s ♣r♦❜❡❞
✐♥ t❤✐s st✉❞② ✇❡r❡ ♣r✐♥❝✐♣❛❧❧② ♠✉❧t✐✲❡①♦♥✐❝ tr❛♥s❝r✐♣ts ❜❛s❡❞ ♦♥ ♣♦❧②❛✲
❞❡♥②❧❛t❡❞ ✭♣♦❧②✒✰✮ ❝✗✑✒✴❡①♣r❡ss❡❞ s❡q✉❡♥❝❡ t❛❣ ❧✐❜r❛r✐❡s✱ ❛♥❞ t❤✉s
✇❡r❡ ♥♦t ❧✐❦❡❧② t♦ ✐♥❝❧✉❞❡ ➅❡♥❤❛♥❝❡r ✏✑✒s➆
✘✵✙✷✺
✳ ✓♦ t❤❡s❡ ✇❡ ❛❞❞❡❞
t✐❧❡❞ ♣r♦❜❡s t❛r❣❡t✐♥❣ ❧♦❝✐ t❤❛t ♠❛② ♣r♦❞✉❝❡ ❧♥❝✏✑✒s✿ s♠❛❧❧ ✏✑✒
❣❡♥❡s
✷✻
✱ ❡♥❤❛♥❝❡rs
✷✧
❛♥❞ ✉❧tr❛❝♦♥s❡r✈❡❞ ❡❧❡♠❡♥ts
✷✽
✳ ❋♦r ♠♦✉s❡ t✐s✲
s✉❡s ✇❡ ❛❧s♦ ❛❞❞❡❞ ♦rt❤♦❧♦❣♦✉s ❧♥❝✏✑✒♣r❡❞✐❝t✐♦♥s ❢r♦♠ ✔✐♣❡✏
✷✾
✳❲❡
❛❞❞❡❞ ♥✉♠❡r♦✉s ❝♦♥tr♦❧ ♣r♦❜❡s✱ ✐♥❝❧✉❞✐♥❣ ❛ s❡r✐❡s t❤❛t t❛r❣❡t❡❞ ❤❛❧❢
♦❢ t❤❡ ✕①t❡r♥❛❧ ✏✑✒ ✚♦♥tr♦❧s ✚♦♥s♦rt✐✉♠ ✭✕✏✚✚✮ s②♥t❤❡t✐❝ s♣✐❦❡✲
✐♥s
✸✵
✳ ✓❤❡s❡ s❡q✉❡♥❝❡s ✇❡r❡ t❛r❣❡t❡❞ ❜② ❝❛♣t✉r❡ ❧✐❜r❛r✐❡s ♦❢ t❡♠♣❡r❛✲
t✉r❡✲♠❛t❝❤❡❞ ❛♥❞ ♥♦♥r❡♣❡t✐t✐✈❡ ♦❧✐❣♦♥✉❝❧❡♦t✐❞❡ ♣r♦❜❡s ✭❋✐❣✳ ✶❜✮✳
✓♦ ❛❝❝❡ss t❤❡♠❛①✐♠❛❧ ❧♥❝✏✑✒❞✐✈❡rs✐t②✱ ✇❡ ❝❤♦s❡ tr❛♥s❝r✐♣t✐♦♥❛❧❧②
❝♦♠♣❧❡① ❛♥❞ ❜✐♦♠❡❞✐❝❛❧❧② r❡❧❡✈❛♥t ♦r❣❛♥s ❢r♦♠ ♠✐❝❡ ❛♥❞ ❤✉♠❛♥s✿
✇❤♦❧❡ ❜r❛✐♥✱ ❤❡❛rt✱ ❧✐✈❡r ❛♥❞ t❡st✐s ✭❋✐❣✳ ✶❝✮✳ ❲❡ ❛❞❞❡❞ t✇♦ ❤❡❛✈✐❧②
st✉❞✐❡❞ ❤✉♠❛♥ ❝❡❧❧ ❧✐♥❡s✱ ❍❡✎❛ ❛♥❞ ❑✤✥✦ ✭r❡❢✳ ✸✢✮✱ ❛♥❞ t✇♦ ♠♦✉s❡
❡♠❜r②♦♥✐❝ t✐♠❡ ♣♦✐♥ts ✭❡♠❜r②♦♥✐❝ ❞❛② ✼ ✭✕✼✮ ❛♥❞ ✕✢✤✮✳
❲❡ ❞❡s✐❣♥❡❞ ❛ ♣r♦t♦❝♦❧ t♦ ❝❛♣t✉r❡ ❢✉❧❧✲❧❡♥❣t❤✱ ♦❧✐❣♦✲❞✓✲♣r✐♠❡❞
❝✗✑✒s ✭✖♥❧✐♥❡ ▼❡t❤♦❞s✮✳ ❇❛r❝♦❞❡❞✱ ✉♥❢r❛❣♠❡♥t❡❞ ❝✗✑✒s ✇❡r❡
♣♦♦❧❡❞ ❛♥❞ ❝❛♣t✉r❡❞✳ ✔r❡❧✐♠✐♥❛r② q✔✚✏ ❛♥❛❧②s✐s ✐♥❞✐❝❛t❡❞ ❡♥r✐❝❤✲
♠❡♥t ❢♦r t❛r❣❡t❡❞ r❡❣✐♦♥s ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶❛✮✳ ✔❛❝❇✐♦ s❡q✉❡♥❝✲
✐♥❣ t❡♥❞s t♦ ❢❛✈♦r s❤♦rt❡r t❡♠♣❧❛t❡s ✐♥ ❛ ♠✐①t✉r❡
✸✷
✳ ✓❤❡r❡❢♦r❡✱ ✇❡
❣r♦✉♣❡❞ ♣♦♦❧❡❞✱ ❝❛♣t✉r❡❞ ❝✗✑✒ ✐♥t♦ t❤r❡❡ s✐③❡ r❛♥❣❡s ✭✢➊✢✳✤ ❦❜✱
✢✳✤➊✦✳✤ ❦❜ ❛♥❞ ❃✦✳✤ ❦❜✮ ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶❜✱❝✮ ❛♥❞ ✉s❡❞ ✐t t♦
❝♦♥str✉❝t s❡q✉❡♥❝✐♥❣ ❧✐❜r❛r✐❡s ❢♦r ✔❛❝❇✐♦ s✐♥❣❧❡✲♠♦❧❡❝✉❧❡ r❡❛❧✲t✐♠❡
✭✜▼✏✓✮ s❡q✉❡♥❝✐♥❣ t❡❝❤♥♦❧♦❣②
✸✸
✳
➸➽➾ ➥↔➔➤➜➛ ➒→ ➔→➑↔➏➝➔➜ ➤➣→➙➪➑➔➒➜ ➓➑➒→➛➏➑↔➟➓➣➠➔
❲❡ s❡q✉❡♥❝❡❞ s❛♠♣❧❡s ♦♥ ✢✸✣ ✜▼✏✓ ❝❡❧❧s ❛♥❞ ♦❜t❛✐♥❡❞ ⑦✦ ♠✐❧❧✐♦♥
r❡❛❞s ✐♥ t♦t❛❧ ❢♦r ❡❛❝❤ s♣❡❝✐❡s ✭❋✐❣✳  ❛✮✳ ❲❡ ❞❡♠✉❧t✐♣❧❡①❡❞ ✔❛❝❇✐♦
r❡❛❞s✱ ♦r ➅r❡❛❞s ♦❢ ✐♥s❡rt➆ ✭✏✖■s✮✱ t♦ r❡tr✐❡✈❡ t❤❡✐r t✐ss✉❡ ♦❢ ♦r✐❣✐♥ ❛♥❞
♠❛♣♣❡❞ t❤❡♠ t♦ t❤❡ ❣❡♥♦♠❡✳❲❡ ♦❜s❡r✈❡❞ ❤✐❣❤ ♠❛♣♣✐♥❣ r❛t❡s ✭❃✾✾✪
✐♥ ❜♦t❤ ❝❛s❡s✮✱ ♦❢ ✇❤✐❝❤ ✽✥✪ ❛♥❞ ✽✽✪ ✇❡r❡ ✉♥✐q✉❡ ✐♥ ❤✉♠❛♥ ❛♥❞
♠♦✉s❡ s❛♠♣❧❡s✱ r❡s♣❡❝t✐✈❡❧② ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳  ❛✮✳ ✭✓❤r♦✉❣❤♦✉t
t❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r✱ ❛❧❧ ❞❛t❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❢♦r♠❛t ➇❤✉♠❛♥✴
♠♦✉s❡✳➈✮ ✓❤❡ ✉s❡ ♦❢ s❤♦rt ❜❛r❝♦❞❡s ♠❡❛♥t t❤❛t ❢♦r ⑦✸✣✪ ♦❢ r❡❛❞s✱
t❤❡ t✐ss✉❡ ♦❢ ♦r✐❣✐♥ ❝♦✉❧❞ ♥♦t ❜❡ r❡tr✐❡✈❡❞ ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳  ❜✮✳
✓❤✐s ❝♦✉❧❞ ❜❡ r❡♠❡❞✐❡❞ ❜② t❤❡ ✉s❡ ♦❢ ❧♦♥❣❡r ❜❛r❝♦❞❡s✳ ✏❡♣r❡s❡♥t❛t✐♦♥
✇❛s ❡✈❡♥ ❛❝r♦ss t✐ss✉❡s✱ ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❡st✐s ✭❙✉♣♣❧❡♠❡♥t❛r②
❋✐❣✳  ❞✮✳ ✏✖■s ❤❛❞ ❛♠❡❞✐❛♥ ❧❡♥❣t❤ ♦❢ ✢➊✢✳✤ ❦❜ ✭❋✐❣✳  ❜✮✱ ✐♥ ❛❣r❡❡♠❡♥t
✇✐t❤ ♣r❡✈✐♦✉s r❡♣♦rts
✸✷
❛♥❞ ❡①❝❡❡❞✐♥❣ t❤❡ ❛✈❡r❛❣❡ ❧♥❝✏✑✒ ❛♥♥♦t❛t✐♦♥
♦❢ ⑦✣✳✤ ❦❜ ✭r❡❢✳ ✢✢✮✳
✚❛♣t✉r❡ ♣❡r❢♦r♠❛♥❝❡ ✐s ❛ss❡ss❡❞ ♦♥ t❤❡ ❜❛s✐s ♦❢ t✇♦ ❢❛❝t♦rs✿ t❤❡
➅♦♥✲t❛r❣❡t➆ r❛t❡➋t❤❛t ✐s✱ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ r❡❛❞s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠
♣r♦❜❡❞ r❡❣✐♦♥s➋❛♥❞ ❡♥r✐❝❤♠❡♥t✱ ♦r t❤❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♦♥✲t❛r✲
❣❡t r❛t❡ ❛❢t❡r ❝❛♣t✉r❡
✸✹
✳ ✓♦ ❡st✐♠❛t❡ t❤❡s❡✱ ✇❡ s❡q✉❡♥❝❡❞ ♣r❡✲ ❛♥❞
♣♦st✲❝❛♣t✉r❡ ❧✐❜r❛r✐❡s ✇✐t❤ ▼✐✜❡q✳ ✚✎✜ ❛❝❤✐❡✈❡❞ ♦♥✲t❛r❣❡t r❛t❡s ♦❢
✦✾✳✼✪✴✢✥✳✤✪✱ r❡♣r❡s❡♥t✐♥❣ ✢✾✲❢♦❧❞✴✢✢✲❢♦❧❞ ❡♥r✐❝❤♠❡♥t ✭❋✐❣✳  ❝✱❞
❛♥❞ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳  ❡✮✳ ✓❤❡s❡ r❛t❡s ❛r❡ ❝♦♠♣❡t✐t✐✈❡ ✇✐t❤ ✈❛❧✲
✉❡s ❢♦r ✐♥t❡r❣❡♥✐❝ ❧♥❝✏✑✒ ❝❛♣t✉r❡ ❢r♦♠ ♣r❡✈✐♦✉s✱ s❤♦rt✲r❡❛❞ st✉❞✐❡s
✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳  ❢✱❣✮✳ ✓❤❡ ♠❛❥♦r✐t② ♦❢ ♦❢❢✲t❛r❣❡t s✐❣♥❛❧ ❛r♦s❡
❢r♦♠ ♥♦♥t❛r❣❡t❡❞✱ ❛♥♥♦t❛t❡❞ ♣r♦t❡✐♥✲❝♦❞✐♥❣ ❣❡♥❡s ✭❋✐❣✳  ❝✮✳
✚✎✜ ♦♥✲t❛r❣❡t r❛t❡s ✇❡r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ❢r♦♠ ♣r❡✈✐♦✉s st✉❞✐❡s
♦❢ ❢r❛❣♠❡♥t❡❞ ❝✗✑✒
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✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳  ❢✱❣✮✱ ❜✉t ❧♦✇❡r t❤❛♥
t❤♦s❡ ♦❜s❡r✈❡❞ ✇✐t❤ ❣❡♥♦♠✐❝ ✗✑✒ ❝❛♣t✉r❡✳ ✜✐❞❡✲❜②✲s✐❞❡ ❝♦♠♣❛r✐s♦♥s
s❤♦✇❡❞ t❤❛t t❤❡ ❝❛♣t✉r❡ ♦❢ ❧♦♥❣ ❝✗✑✒ ❢r❛❣♠❡♥ts ✐♠♣❧✐❡s s♦♠❡ ❧♦ss ✐♥
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➶➹➘➴➷➬ ➮ ➱✃❐❒❮ ❰ÏÐ ÑÒÓ ÔÕÕÖ×ÔØÏ ❰× ÐÙ❰Ð❒Ú ÛÜÝÑÞßÜ à❒ØáÝâ
Ô❒❒×❰Ô❰❐×❒ã äåæ çÏÐ ✃❰ÖÔ❰Ð❮è é×Ö Ôê❰×ëÔ❰ÐÚì Ï❐❮ÏíîêÔà❐❰è ❰ÖÔ❒✃ØÖ❐Õ❰×ëÐ
Ô❒❒×❰Ô❰❐×❒ã ÑÒÓ ØÔ❒ ïÐ ê✃ÐÚ ❰× Ø×ëÕàÐ❰Ð ÐÙ❐✃❰❐❒❮ Ô❒❒×❰Ô❰❐×❒✃ äïàêÐæ
×Ö ❰× ëÔÕ ❒×ðÐà ❰ÖÔ❒✃ØÖ❐Õ❰ ✃❰ÖêØ❰êÖÐ✃ ❐❒ ✃ê✃ÕÐØ❰ÐÚ à×Ø❐ ä❮×àÚæã ÑÔÕ❰êÖÐ
×à❐❮×❒êØàÐ×❰❐ÚÐ✃ äïàÔØñ ïÔÖ✃æ ÔÖÐ ÚÐ✃❐❮❒ÐÚ ❰× ❰❐àÐ ÔØÖ×✃✃ ❰ÔÖ❮Ð❰ÐÚ
ÖÐ❮❐×❒✃ã òÔØó❐× à❐ïÖÔÖ❐Ð✃ ÔÖÐ ÕÖÐÕÔÖÐÚ é×Ö éÖ×ë ❰ÏÐ ØÔÕ❰êÖÐÚ ë×àÐØêàÐ✃ã
ôààêë❐❒Ô õ❐ÓÐî ✃Ï×Ö❰íÖÐÔÚ ✃ÐîêÐ❒Ø❐❒❮ ØÔ❒ ïÐ ØÔÖÖ❐ÐÚ ×ê❰ é×Ö ❐❒ÚÐÕÐ❒ÚÐ❒❰
ðÔà❐ÚÔ❰❐×❒ ×é ÕÖÐÚ❐Ø❰ÐÚ ✃Õà❐ØÐ öê❒Ø❰❐×❒✃ äÓ÷æã òÖÐÚ❐Ø❰ÐÚ ❰ÖÔ❒✃ØÖ❐Õ❰❐×❒
✃❰ÔÖ❰ ✃❐❰Ð✃ ØÔ❒ ïÐ Ø×❒é❐ÖëÐÚ ïè ÑâÛÜ Øàê✃❰ÐÖ✃ ä❮ÖÐÐ❒æì Ô❒Ú ❰ÖÔ❒✃ØÖ❐Õ❰❐×❒
❰ÐÖë❐❒Ô❰❐×❒ ✃❐❰Ð✃ ïè ❒×❒í❮Ð❒×ë❐ØÔààè Ð❒Ø×ÚÐÚ Õ×àèâø ✃ÐîêÐ❒ØÐ✃ ❐❒
òÔØó❐× ÖÐÔÚ✃ äÖÐÚæã áÐØ❰Ô❒❮àÐ✃ ù❐❰Ï à❐❮Ï❰ÐÖ ✃ÏÔÚ❐❒❮ Ô❒Ú ÚÔ✃ÏÐÚ ×ê❰à❐❒Ð✃
ÚÐ❒×❰Ð ❒×ðÐà ÐÙ×❒✃ã äúæ â ✃êëëÔÖè ×é ❰ÏÐ ÏêëÔ❒ Ô❒Ú ë×ê✃Ð ØÔÕ❰êÖÐ
à❐ïÖÔÖè ÚÐ✃❐❮❒✃ã çÏÐ ❒êëïÐÖ✃ ×é ❐❒Ú❐ð❐ÚêÔà ❮Ð❒Ð à×Ø❐ ÕÖ×ïÐÚ ÔÖÐ ✃Ï×ù❒ã
ò❐ÕÐá ÕÖÐÚãì ×Ö❰Ï×à×❮ ÕÖÐÚ❐Ø❰❐×❒✃ ❐❒ ë×ê✃Ð ❮Ð❒×ëÐ ×é ÏêëÔ❒ à❒ØáÝâ✃
ëÔÚÐ ïè ò❐ÕÐá
ûü
ý ✃❒áÝâì ✃ëÔàà ❒êØàÐÔÖ áÝâý ✃❒×áÝâì ✃ëÔàà ❒êØàÐ×àÔÖ
áÝâý ➱ÑÜì êà❰ÖÔØ×❒✃ÐÖðÐÚ ÐàÐëÐ❒❰✃ý òÖ×❰ã Ø×Ú❐❒❮ì ÐÙÕÖÐ✃✃❐×❒íëÔ❰ØÏÐÚì
ÖÔ❒Ú×ëàè ✃ÐàÐØ❰ÐÚ ÕÖ×❰Ð❐❒íØ×Ú❐❒❮ ❮Ð❒Ð✃ý ÜáÑÑì ✃Õ❐ñÐí❐❒ ✃ÐîêÐ❒ØÐ✃ý ÜØ×à❐ì
ÖÔ❒Ú×ëàè ✃ÐàÐØ❰ÐÚ þß❝❤❡r✐❝❤✐❛ ❝♦❧✐ ❮Ð❒×ë❐Ø ÖÐ❮❐×❒✃ äÐ❒ÏÔ❒ØÐÖ✃ Ô❒Ú ➱ÑÜ✃
ùÐÖÐ ÕÖ×ïÐÚ ×❒ ï×❰Ï ✃❰ÖÔ❒Ú✃ì Ô❒Ú ❰ÏÐ✃Ð ùÐÖÐ Ø×ê❒❰ÐÚ ✃ÐÕÔÖÔ❰Ðàèæã ä æ
çèÕÐ✃ ×é áÝâ ✃ÔëÕàÐ✃ ê✃ÐÚ ❐❒ ❰ÏÐ ✃❰êÚèã
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t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ s❡q✉❡♥❝❡ r❡❛❞s ❛♥❞ st❛rt✐♥❣ ❝♦♥❝❡♥tr❛t✐♦♥
❢♦r t❤❡ ✹✦ ♣r♦❜❡❞ ❛♥❞ ✤✣ ♥♦♥♣r♦❜❡❞ s②♥t❤❡t✐❝ ✕✏✚✚ s❡q✉❡♥❝❡s ✐♥
♣r❡✲ ❛♥❞ ♣♦st✲❝❛♣t✉r❡ s❛♠♣❧❡s ✭❋✐❣✳  ❡✮✳ ❲❡ ❢♦✉♥❞ t❤❛t ✚✎✜ ✇❛s
♥♦t❛❜❧② s❡♥s✐t✐✈❡✱ ❡①t❡♥❞✐♥❣ ❞❡t❡❝t✐♦♥ s❡♥s✐t✐✈✐t② ❜② t✇♦ ♦r❞❡rs ♦❢
♠❛❣♥✐t✉❞❡✱ ❛♥❞ ✇❛s ❝❛♣❛❜❧❡ ♦❢ ❞❡t❡❝t✐♥❣ ♠♦❧❡❝✉❧❡s ❛t ❛♣♣r♦①✐♠❛t❡❧②
✤ × ✢✣
✤✸
❝♦♣✐❡s ♣❡r ❝❡❧❧ ✭✖♥❧✐♥❡ ▼❡t❤♦❞s✮✳ ■t ✇❛s ❧❡ss q✉❛♥t✐t❛t✐✈❡
t❤❛♥ ✚❛♣t✉r❡✜❡q
✷✹
✱ ♣❛rt✐❝✉❧❛r❧② ❛t ❤✐❣❤❡r ❝♦♥❝❡♥tr❛t✐♦♥s ✇❤❡r❡ t❤❡
s❧♦♣❡ ❢❡❧❧ ❜❡❧♦✇ ✉♥✐t②✳ ✓❤✐s s✉❣❣❡sts s❛t✉r❛t✐♦♥ ♦❢ ♣r♦❜❡s ❜② ❝✗✑✒
♠♦❧❡❝✉❧❡s ❞✉r✐♥❣ ❤②❜r✐❞✐③❛t✐♦♥✳ ✒ ❞❡❣r❡❡ ♦❢ ♥♦✐s❡✱ ❛s ✐♥❢❡rr❡❞ ❜② t❤❡
❝♦❡❢❢✐❝✐❡♥t ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥ ✭❘
✷
✮ ❜❡t✇❡❡♥ r❡❛❞ ❝♦✉♥ts ❛♥❞ t❡♠♣❧❛t❡
❝♦♥❝❡♥tr❛t✐♦♥✱ ✇❛s ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ❝❛♣t✉r❡ ♣r♦❝❡ss✳
➸➽➾ ➔➹➟➒→➜➛ ➓➝➔ ➏➣➠➟➤➔➹↔➓➥ ➣↕ ❒→➣➚→ ➒→➜ →➣➼➔➤ ➤→➏➩➫➎➛
✚✎✜ ✉♥❝♦✈❡r❡❞ ❛ ✇❡❛❧t❤ ♦❢ ♥♦✈❡❧ tr❛♥s❝r✐♣t str✉❝t✉r❡s ✐♥ ❛♥♥♦t❛t❡❞
❧♥❝✏✑✒ ❧♦❝✐✳ ■♥ t❤❡ ❙❆▼▼❙❖◆ ♦♥❝♦❣❡♥❡
✸✻
✭▲■◆❈✵✶✷✶✷✮✱ ✇❡ ❞✐s✲
❝♦✈❡r❡❞ ♣r❡✈✐♦✉s❧② ✉♥❛♥♥♦t❛t❡❞ ❡①♦♥s✱ s♣❧✐❝❡ s✐t❡s ❛♥❞ tr❛♥s❝r✐♣t✐♦♥
t❡r♠✐♥❛t✐♦♥ s✐t❡s ✭❋✐❣✳  ❛✱ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣s✳  ➊✺❀ ❡①❛♠♣❧❡s ✈❛❧✐✲
❞❛t❡❞ ❜② ✏✓✲✔✚✏✮✳
❲❡ q✉❛♥t✐❢✐❡❞ t❤❡ ❛♠♦✉♥t♦❢ ♥❡✇❧②❞✐s❝♦✈❡r❡❞ ❝♦♠♣❧❡①✐t② ✐♥ t❛r❣❡t❡❞
❧♥❝✏✑✒ ❧♦❝✐✳ ✚✎✜ ❞❡t❡❝t❡❞ ✤✽✪✴✹✤✪ ♦❢ t❛r❣❡t❡❞ ❧♥❝✏✑✒ ♥✉❝❧❡♦t✐❞❡s
❛♥❞ ❡①t❡♥❞❡❞ t❤❡s❡ ❛♥♥♦t❛t✐♦♥s ❜② ✥✳✸✴✢✳✥ ▼❜ ✭✽✥✪✴✥✹✪ ✐♥❝r❡❛s❡
❝♦♠♣❛r❡❞ ✇✐t❤ ❡①✐st✐♥❣ ❛♥♥♦t❛t✐♦♥s✮ ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✻❛✮✳
✚✎✜ ❞✐s❝♦✈❡r❡❞ ✹✤✱✥✼✸✴✢✢✱✣✸✽ ❞✐st✐♥❝t s♣❧✐❝❡ ❥✉♥❝t✐♦♥s✱ ♦❢ ✇❤✐❝❤
✸✥✱✽✸✾✴✽✱✽✹✼ ✇❡r❡ ♣r❡✈✐♦✉s❧② ✉♥✐❞❡♥t✐❢✐❡❞ ✭❋✐❣✳  ❜✱ ❙✉♣♣❧❡♠❡♥t❛r②
❋✐❣✳ ✻❜✮✳❲❡ ♥♦t❡❞ ✦✣✱✸✦✼ ♥♦✈❡❧✱ ❤✐❣❤✲❝♦♥❢✐❞❡♥❝❡ s♣❧✐❝❡ ❥✉♥❝t✐♦♥s ✐♥
❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛ ❞❡❡♣❡r ❤✉♠❛♥ s♣❧✐❝❡ ❥✉♥❝t✐♦♥ r❡❢❡r❡♥❝❡ ❝❛t❛❧♦❣
❝♦♠♣♦s❡❞ ♦❢ ❜♦t❤ ✛✕✑✚✖✗✕ ✈✦✣ ❛♥❞♠✐✓r❛♥s❝r✐♣t♦♠❡
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♥♦✈❡❧ s♣❧✐❝❡ ❥✉♥❝t✐♦♥s s❤♦✇❡❞ ✇❡❛❦ ❜✉t ♥♦♥r❛♥❞♦♠ ❡✈✐❞❡♥❝❡ ♦❢
s❡❧❡❝t❡❞ ❢✉♥❝t✐♦♥ ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✼❝✮✳
❲❡ ❡st✐♠❛t❡❞ ❤♦✇ ❝❧♦s❡ t❤❡s❡ s❡q✉❡♥❝✐♥❣ ❞❛t❛ ✇❡r❡ t♦ s❛t✉r❛✲
t✐♦♥ ✭✐✳❡✳✱ t♦ r❡❛❝❤✐♥❣ ❛ ❞❡❢✐♥✐t✐✈❡ ❛♥♥♦t❛t✐♦♥✮✳ ❲❡ t❡st❡❞ t❤❡ r❛t❡ ♦❢
♥♦✈❡❧ s♣❧✐❝❡ ❥✉♥❝t✐♦♥ ❛♥❞ tr❛♥s❝r✐♣t ♠♦❞❡❧ ❞✐s❝♦✈❡r② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
✐♥❝r❡❛s✐♥❣ ❞❡♣t❤ ♦❢ r❛♥❞♦♠❧② s❛♠♣❧❡❞ ✏✖■s ✭❋✐❣✳  ❞✱ ❙✉♣♣❧❡♠❡♥t❛r②
❋✐❣✳ ✽❛✱❜✮✳❲❡ ♦❜s❡r✈❡❞ ❛ ❝♦♥s✐st❡♥t ✐♥❝r❡❛s❡ ✐♥ ♥♦✈❡❧t② ✇✐t❤ ✐♥❝r❡❛s✲
✐♥❣ ❞❡♣t❤ ❢♦r ❜♦t❤ ❧♦✇✲ ❛♥❞ ❤✐❣❤✲❝♦♥❢✐❞❡♥❝❡ s♣❧✐❝❡ ❥✉♥❝t✐♦♥s✱ ✉♣ t♦
t❤❛t ♣r❡s❡♥t❡❞ ❤❡r❡✳ ✜✐♠✐❧❛r❧②✱ ♥♦ s♣❧✐❝❡✲❥✉♥❝t✐♦♥✲❞✐s❝♦✈❡r② s❛t✉r❛✲
t✐♦♥ ♣❧❛t❡❛✉ ✇❛s r❡❛❝❤❡❞ ❛t ✐♥❝r❡❛s✐♥❣ s✐♠✉❧❛t❡❞ ❍✐✜❡q r❡❛❞ ❞❡♣t❤s
✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✽❝✮✳ ✓❤✉s✱ ❝♦♥s✐❞❡r❛❜❧❡ ❛❞❞✐t✐♦♥❛❧ s❡q✉❡♥❝✐♥❣
✐s r❡q✉✐r❡❞ t♦ ❝♦♠♣❧❡t❡ ❡①✐st✐♥❣ ❧♥❝✏✑✒ ❣❡♥❡ str✉❝t✉r❡s✳
❇❡②♦♥❞ ❧♥❝✏✑✒s✱ ✚✎✜ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ ♦t❤❡r t②♣❡s ♦❢
tr❛♥s❝r✐♣t✐♦♥❛❧ ✉♥✐ts✳ ✒s ❛♥ ✐❧❧✉str❛t✐♦♥✱ ✇❡ s❡❛r❝❤❡❞ ❢♦r ♣r❡❝✉rs♦rs
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❝❛♥ ✐❞❡♥t✐❢② t❤❡ ♣♦❧②❛❞❡♥②❧❛t✐♦♥ s✐t❡ ✇✐t❤ ❜❛s❡✲♣❛✐r ♣r❡❝✐s✐♦♥
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❯s✐♥❣ ❝♦♥s❡r✈❛t✐✈❡ ❢✐❧t❡rs✱ ✇❡ ❢♦✉♥❞ t❤❛t ✼✸✪✴✥✹✪ ♦❢ ✏✖■s ❤❛❞
✐❞❡♥t✐❢✐❛❜❧❡ ♣♦❧②❛❞❡♥②❧❛t✐♦♥ s✐t❡s ✭❙✉♣♣❧❡♠❡♥t❛r② ❚❛❜❧❡ ✶✮ r❡♣r❡✲
s❡♥t✐♥❣ ✢✥✱✾✥✢✴✢✦✱✽✾✹ ♥♦✈❡❧ s✐t❡s ❝♦♠♣❛r❡❞ ✇✐t❤ ❡♥❞ ♣♦s✐t✐♦♥s ♦❢
✛✕✑✚✖✗✕ ❛♥♥♦t❛t✐♦♥s✳ ❑♥♦✇♥ ❛♥❞ ♥♦✈❡❧ ♣♦❧②❛❞❡♥②❧❛t✐♦♥ s✐t❡s
✇❡r❡ ♣r❡❝❡❞❡❞ ❜② ❝❛♥♦♥✐❝❛❧ ♣♦❧②❛❞❡♥②❧❛t✐♦♥ ♠♦t✐❢s ✭❙✉♣♣❧❡♠❡♥t❛r②
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✉♥✐q✉❡ tr❛♥s❝r✐♣t ♠♦❞❡❧s t❤❛♥ ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ✐❞❡♥t✐❢✐❡❞ ♦t❤❡r✇✐s❡
✭❋✐❣✳ ✁❝✱ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶✶❛✮✳ ❲❡ ✐❞❡♥t✐❢✐❡❞ ✢✼✾✱✾✾✸✴✢✦✾✱✤✤✥
tr❛♥s❝r✐♣t ♠♦❞❡❧s ❛❝r♦ss ❛❧❧ ❜✐♦t②♣❡s ✭❙✉♣♣❧❡♠❡♥t❛r② ❚❛❜❧❡  ✮✱
✽✥✪✴✽✼✪ ♦❢ ✇❤✐❝❤ ❞✐s♣❧❛②❡❞ s✉♣♣♦rt ♦❢ t❤❡✐r ❡♥t✐r❡ ✐♥tr♦♥ ❝❤❛✐♥ ❜②
❝❛♣t✉r❡❞ ❍✐✜❡q s♣❧✐t r❡❛❞s ✭❙✉♣♣❧❡♠❡♥t❛r②❚❛❜❧❡  ✮✳ ■♥ t❤❡✇❡❧❧✲st✉❞✲
✐❡❞ ❈❈❆❚✶ ❧♦❝✉s
✹✵
✱ ✇❡ ✐❞❡♥t✐❢✐❡❞ ♥♦✈❡❧ ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣ts ✇✐t❤
✤  ❛♥❞ ✸  s✉♣♣♦rt ✭❋✐❣✳ ✁❞✮✳ ✚✎✜ ❤❡r❡ s✉❣❣❡st❡❞ t❤❛t ❛❞❥❛❝❡♥t ❈❈❆❚✶
❛♥❞ ❈❆❙❈✶✾ ❛♥♥♦t❛t✐♦♥s ❛r❡ ❢r❛❣♠❡♥ts ♦❢ ❛ s✐♥❣❧❡ ❣❡♥❡✱ ❛ ❝♦♥❝❧✉s✐♦♥
s✉♣♣♦rt❡❞ ❜② ✏✓✲✔✚✏ ✭❋✐❣✳ ✁❞✮✳
▼❡r❣❡❞ tr❛♥s❝r✐♣t ♠♦❞❡❧s ❝❛♥ ❜❡ ❞❡❢✐♥❡❞ ❜② t❤❡✐r ❡♥❞ s✉♣♣♦rt✿ ❢✉❧❧
❧❡♥❣t❤ ✭✤  ❛♥❞ ✸  s✉♣♣♦rt❡❞✮✱ ✤  ♦♥❧②✱ ✸  ♦♥❧②✱ ♦r ✉♥s✉♣♣♦rt❡❞ ✭❋✐❣✳✁❜✱❡✮✳
❲❡ ✐❞❡♥t✐❢✐❡❞ ❛ t♦t❛❧ ♦❢ ✥✤✱✼✸✥✴✹✹✱✥✼✸ ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣t ♠♦❞✲
❡❧s ✭❋✐❣✳ ✁❡✱ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶✶❜✮✿ ✹✼✱✥✼✦ ✭✼✸✪✮✴✸✼✱✦✹✹ ✭✽✸✪✮
❛r♦s❡ ❢r♦♠ ♣r♦t❡✐♥✲❝♦❞✐♥❣ ❣❡♥❡s✱ ❛♥❞ ✢✸✱✣✼✢ ✭✦✣✪✮✴✤✱✸✦✾ ✭✢✦✪✮ ❢r♦♠
❧♥❝✏✑✒s ✭❙✉♣♣❧❡♠❡♥t❛r② ❚❛❜❧❡  ✮✳ ✒♥ ❛❞❞✐t✐♦♥❛❧ ✸✱✼✹✦ ✭✥✪✮✴✢✱✦✤✽
✭✸✪✮ r❡♣r❡s❡♥t❡❞ ❢✉❧❧✲❧❡♥❣t❤ ♠♦❞❡❧s t❤❛t s♣❛♥♥❡❞ ❧♦❝✐ ♦❢ ❞✐❢❢❡r❡♥t
❜✐♦t②♣❡s ✭❋✐❣✳ ✶❜✮✱ ✉s✉❛❧❧② ✐♥❝❧✉❞✐♥❣ ♦♥❡ ♣r♦t❡✐♥✲❝♦❞✐♥❣ ❣❡♥❡ ✭➅♠✉❧t✐✲
❜✐♦t②♣❡➆✮✳ ✖❢ t❤❡ r❡♠❛✐♥✐♥❣ ♥♦♥❝♦❞✐♥❣ ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣t ♠♦❞✲
❡❧s✱ ✦✾✤✴✹✸✹ ✇❡r❡ ♥♦✈❡❧✱ ❛r✐s✐♥❣ ❢r♦♠ ✉♥❛♥♥♦t❛t❡❞ ❣❡♥❡ ❧♦❝✐✳ ■♥ t♦t❛❧✱
✢✢✱✹✦✾✴✹✱✸✤✣ ❢✉❧❧✲❧❡♥❣t❤ str✉❝t✉r❡s ❛r♦s❡ ❢r♦♠ ♣r♦❜❡❞ ❧♥❝✏✑✒ ❧♦❝✐✱ ♦❢
✇❤✐❝❤ ✽✱✹✾✹✴✸✱✢✥✽ ✭✼✹✪✴✼✸✪✮ ✇❡r❡ ♥♦✈❡❧ ✭❙✉♣♣❧❡♠❡♥t❛r② ❚❛❜❧❡  ✮✳
❲❡ ✐❞❡♥t✐❢✐❡❞ ❛t ❧❡❛st ♦♥❡ ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣t ♠♦❞❡❧ ❢♦r ✢✾✪✴✢✦✪ ♦❢
t❤❡ ♦r✐❣✐♥❛❧❧② ♣r♦❜❡❞ ❧♥❝✏✑✒ ❛♥♥♦t❛t✐♦♥s ✭❋✐❣✳ ✁❢✱ ❙✉♣♣❧❡♠❡♥t❛r②
❋✐❣✳ ✶✶❝✮✳ ■♥❞❡♣❡♥❞❡♥t ❡✈✐❞❡♥❝❡ ❢♦r ❣❡♥❡ ♣r♦♠♦t❡rs ❢r♦♠ ✗✑❛s❡
■ ❤②♣❡rs❡♥s✐t✐✈✐t② s✐t❡s s✉♣♣♦rt❡❞ ♦✉r ✤  ✐❞❡♥t✐❢✐❝❛t✐♦♥ str❛t❡❣②
✭❋✐❣✳ ✁❣✮✳ ❍✉♠❛♥ ❧♥❝✏✑✒s ✇✐t❤ ♠♦✉s❡ ♦rt❤♦❧♦❣s ❤❛❞ ❝♦♥s✐❞❡r❛❜❧②
♠♦r❡ ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣t ♠♦❞❡❧s✱ ❛❧t❤♦✉❣❤ t❤❡ r❡✈❡rs❡ ✇❛s ♥♦t
♦❜s❡r✈❡❞ ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶✶❞➊❣✮✳ ✓❤✐s ✐♠❜❛❧❛♥❝❡ ♠✐❣❤t ❜❡ ❞✉❡
t♦ ❡✈♦❧✉t✐♦♥❛r② ❢❛❝t♦rs ✭❢♦r ❡①❛♠♣❧❡✱ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ♥♦✈❡❧ ❧♥❝✏✑✒
✐s♦❢♦r♠ ❝♦♠♣❧❡①✐t② ❞✉r✐♥❣ ♣r✐♠❛t❡ ❡✈♦❧✉t✐♦♥✮ ♦r t❡❝❤♥✐❝❛❧ ❜✐❛s❡s❀ ✐t
✐s ♥♦t❡✇♦rt❤② t❤❛t ✇❡ ❤❛❞ ❛❝❝❡ss t♦ ❞❡❡♣❡r ✚✒✛✕ ❞❛t❛ ❢♦r ❤✉♠❛♥s
t❤❛♥ ❢♦r♠✐❝❡ ✭✦✢✼✱✤✢✥ ✈❡rs✉s ✢✦✾✱✹✥✤ ✓✜✜s✮✱ ❛♥❞ t❤❛t ❤✉♠❛♥ ❧♥❝✏✑✒
❛♥♥♦t❛t✐♦♥s ✇❡r❡ ♠♦r❡ ❝♦♠♣❧❡t❡ t❤❛♥ t❤♦s❡ ❢♦r ♠✐❝❡✳
■♥ ❛❞❞✐t✐♦♥ t♦ ♣r♦❜❡❞ ❧♥❝✏✑✒ ❧♦❝✐✱ ✚✎✜ ❛❧s♦ ❞✐s❝♦✈❡r❡❞ s❡✈❡r❛❧
t❤♦✉s❛♥❞ ♥♦✈❡❧ tr❛♥s❝r✐♣t ♠♦❞❡❧s t❤❛t ♦r✐❣✐♥❛t❡❞ ❢r♦♠ ✉♥❛♥♥♦✲
t❛t❡❞ r❡❣✐♦♥s ❛♥❞ ♠❛♣♣❡❞ t♦ ♣r♦❜❡❞ ✭❋✐❣✳ ✶❜✮ ♦r ✉♥♣r♦❜❡❞ r❡❣✐♦♥s
✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶✶❤✱✐✮✳ ✓❤❡s❡ tr❛♥s❝r✐♣t ♠♦❞❡❧s t❡♥❞❡❞ t♦ ❤❛✈❡
❧♦✇❡r ❞❡t❡❝t✐♦♥ r❛t❡s ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶✶❥✮ ❝♦♥s✐st❡♥t ✇✐t❤ ❧♦✇
♦✈❡r❛❧❧ ❡①♣r❡ss✐♦♥ ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶✶❦✮ ❛♥❞ ❧♦✇❡r r❛t❡s ♦❢ ✤ 
❛♥❞ ✸  s✉♣♣♦rt t❤❛♥ ♣r♦❜❡❞ ❧♥❝✏✑✒s✱ ❛❧t❤♦✉❣❤ ❛ s♠❛❧❧ ♥✉♠❜❡r ✇❡r❡
❢✉❧❧ ❧❡♥❣t❤ ✭❋✐❣✳ ✁❡✱ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶✶❜✮✳
❲❡ ♥❡①t ❝♦♠♣❛r❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✚✎✜ t♦ t❤❛t ♦❢ ❝♦♥✈❡♥t✐♦♥❛❧✱
s❤♦rt✲r❡❛❞ ✚❛♣t✉r❡✜❡q✳❲❡ t♦♦❦ ❛❞✈❛♥t❛❣❡ ♦❢ ♦✉r ❍✐✜❡q ❛♥❛❧②s✐s ✭✦✢✦
♠✐❧❧✐♦♥✴✢✤✥ ♠✐❧❧✐♦♥ r❡❛❞s✮ ♦❢ t❤❡ s❛♠❡ ❝❛♣t✉r❡❞ ❝✗✑✒s t♦ ♠❛❦❡ ❛
❢❛✐r ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♠❡t❤♦❞s✳ ✜❤♦rt✲r❡❛❞ ♠❡t❤♦❞s ❞❡♣❡♥❞ ♦♥
★✩ ✪★✫★✬✯ tr❛♥s❝r✐♣t♦♠❡ ❛ss❡♠❜❧②❀ ✉s✐♥❣ ✔❛❝❇✐♦ r❡❛❞s ❛s ❛ r❡❢❡r❡♥❝❡✱
✇❡ ❢♦✉♥❞ t❤❛t t❤❡ ✜tr✐♥❣✓✐❡ t♦♦❧ ♦✉t♣❡r❢♦r♠❡❞ ✚✉❢❢❧✐♥❦s✱ ✇❤✐❝❤
✇❛s ✉s❡❞ ✐♥ ♣r❡✈✐♦✉s ✚❛♣t✉r❡✜❡q ♣r♦❥❡❝ts
✷✹✙✹✘
✭❙✉♣♣❧❡♠❡♥t❛r②
❋✐❣✳ ✶ ❛✮✳ ❯s✐♥❣ ✐♥tr♦♥ ❝❤❛✐♥s t♦ ❝♦♠♣❛r❡ ❛♥♥♦t❛t✐♦♥s✱ ✇❡ ❢♦✉♥❞
t❤❛t ✚✎✜ ✐❞❡♥t✐❢✐❡❞ ✥✾✪✴✢✢✹✪ ♠♦r❡ ♥♦✈❡❧ tr❛♥s❝r✐♣t ♠♦❞❡❧s t❤❛♥
✜tr✐♥❣✓✐❡ ❛ss❡♠❜❧② ✭❋✐❣✳ ✁❤✱ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶ ❜✮✳ ✚✎✜ tr❛♥✲
s❝r✐♣t ♠♦❞❡❧s ✇❡r❡ ♠♦r❡ ❝♦♠♣❧❡t❡ ❛t ✤  ❛♥❞ ✸  ❡♥❞s t❤❛♥ ✜tr✐♥❣✓✐❡
❛ss❡♠❜❧✐❡s ✇❡r❡✱ ❛♥❞ t❤❡② ✇❡r❡ ❛❧s♦ ♠♦r❡ ❝♦♠♣❧❡t❡ ❛t t❤❡ ✸  ❡♥❞ ❝♦♠✲
♣❛r❡❞ ✇✐t❤ ♣r♦❜❡❞ ✛✕✑✚✖✗✕ ❛♥♥♦t❛t✐♦♥s ✭❋✐❣✳ ✁✐✱ ❙✉♣♣❧❡♠❡♥t❛r②
❋✐❣✳ ✶ ❞➊❤✮✳ ✓❤✉s✱ ❛❧t❤♦✉❣❤ ✜tr✐♥❣✓✐❡ tr❛♥s❝r✐♣t ♠♦❞❡❧s ❛r❡ s❧✐❣❤t❧②
❧♦♥❣❡r ✭❋✐❣✳ ✁❥✱ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶ ❝✮✱ t❤❡② ❛r❡ ❢❛r ❧❡ss ❧✐❦❡❧② t♦ ❜❡
❢✉❧❧ ❧❡♥❣t❤ t❤❛♥ ✚✎✜ ♠♦❞❡❧s ❛r❡✳ ✓❤✐s ❣r❡❛t❡r ❧❡♥❣t❤ ♠✐❣❤t ❜❡ ❛ttr✐❜✲
✉t❛❜❧❡ t♦ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ♦✈❡r❧② ❧♦♥❣ ✤  ❡①t❡♥s✐♦♥s ❜② ✜tr✐♥❣✓✐❡✱ ❛s
s✉❣❣❡st❡❞ ❜② t❤❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ ✚✒✛✕ s✐❣♥❛❧ ❞❡♥s✐t② ❞♦✇♥str❡❛♠ ♦❢
✜tr✐♥❣✓✐❡ ✓✜✜s ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶ ❣➊❤✮✳ ✚✎✜ ✇❛s ♠♦r❡ s❡♥s✐t✐✈❡
✐♥ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ r❡♣❡t✐t✐✈❡ r❡❣✐♦♥s ❛♥❞ ✐❞❡♥t✐❢✐❡❞ ⑦✦✣✪♠♦r❡ r❡♣❡t✐✲
t✐✈❡ ♥✉❝❧❡♦t✐❞❡s ✐♥ ❤✉♠❛♥ t✐ss✉❡s ✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶ ✐✮✳
➩➔➜➔↕↔→↔→➙ ➤→➏➩➫➎ ➟➑➣➠➣➓➔➑ ➒→➜ ➙➔→➔ ➏➝➒➑➒➏➓➔➑↔➛➓↔➏➛
❲✐t❤ ❛ ❢✉❧❧✲❧❡♥❣t❤ ❧♥❝✏✑✒ ❝❛t❛❧♦❣✱ ✇❡ r❡✈✐s✐t❡❞ t❤❡ ❜❛s✐❝ ❝❤❛r❛❝✲
t❡r✐st✐❝s ♦❢ ❧♥❝✏✑✒ ❛♥❞ ♣r♦t❡✐♥✲❝♦❞✐♥❣ ❣❡♥❡s✳ ✎♥❝✏✑✒ tr❛♥s❝r✐♣ts✱
❛s ❛♥♥♦t❛t❡❞✱ ❛r❡ s✉❜st❛♥t✐❛❧❧② s❤♦rt❡r ❛♥❞ ❤❛✈❡ ❢❡✇❡r ❡①♦♥s t❤❛♥
♠✏✑✒s
✺✙✘✘
✳ ❍♦✇❡✈❡r✱ ✐t ❤❛s r❡♠❛✐♥❡❞ ✉♥r❡s♦❧✈❡❞ ✇❤❡t❤❡r t❤✐s ✐s ❛
❣❡♥✉✐♥❡ ❜✐♦❧♦❣✐❝❛❧ tr❡♥❞ ♦r s✐♠♣❧② t❤❡ r❡s✉❧t ♦❢ ❛♥♥♦t❛t✐♦♥ ✐♥❝♦♠♣❧❡t❡✲
♥❡ss
✷✘
✳❲❤❡♥ ✇❡ ❝♦♥s✐❞❡r❡❞ ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣t ♠♦❞❡❧s ❢r♦♠ ✚✎✜✱
✇❡ ❢♦✉♥❞ t❤❛t t❤❡ ♠❡❞✐❛♥ ❧♥❝✏✑✒ tr❛♥s❝r✐♣t ❧❡♥❣t❤ ✇❛s ✢✱✢✣✽✴✢✱✣✥✼
♥✉❝❧❡♦t✐❞❡s✱ s✐♠✐❧❛r t♦ t❤❛t ♦❢ ♠✏✑✒s♠❛♣♣❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s❛♠❡
❝r✐t❡r✐❛ ✭✢✱✦✹✣✴✢✱✸✦✣ ♥✉❝❧❡♦t✐❞❡s✮ ✭❋✐❣✳ ✺❛✱ ❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶ ❛✮✳
✓❤✐s ❧❡♥❣t❤ ❞✐❢❢❡r❡♥❝❡ ♦❢ ✢✢✪✴✢✾✪ ✇❛s st❛t✐st✐❝❛❧❧② s✐❣♥✐❢✐❝❛♥t ✭P ❁
✦ × ✢✣
✤✘✻
❢♦r ❜♦t❤ ❤✉♠❛♥ ❛♥❞ ♠♦✉s❡ s❛♠♣❧❡s❀ t✇♦✲s✐❞❡❞ ❲✐❧❝♦①♦♥
t❡st✮✳ ✓❤❡s❡ ♠❡❛s✉r❡❞ ❧❡♥❣t❤s ❛r❡ st✐❧❧ s❤♦rt❡r t❤❛♥ t❤♦s❡ ♦❢ ♠♦st
❛♥♥♦t❛t❡❞ ♣r♦t❡✐♥✲❝♦❞✐♥❣ tr❛♥s❝r✐♣ts ✭♠❡❞✐❛♥ ♦❢ ✢✱✤✹✸ ♥✉❝❧❡♦t✐❞❡s
✐♥ ✛✕✑✚✖✗✕ ✈✦✣✮✱ ❜✉t t❤❡② ❛r❡ ♠✉❝❤ ❧♦♥❣❡r t❤❛♥ t❤♦s❡ ♦❢ ❛♥♥♦✲
t❛t❡❞ ❧♥❝✏✑✒s ✭♠❡❞✐❛♥ ♦❢ ✥✥✽ ♥✉❝❧❡♦t✐❞❡s✮✳ ✓❤❡r❡ ❛r❡ t✇♦ ❢❛❝t♦rs
t❤❛t ♣r❡❝❧✉❞❡ ♦✉r ♠❛❦✐♥❣ ❢✐r♠ st❛t❡♠❡♥ts r❡❣❛r❞✐♥❣ t❤❡ r❡❧❛t✐✈❡
❧❡♥❣t❤s ♦❢ ❧♥❝✏✑✒s ❛♥❞♠✏✑✒s✿ t❤❡ ✉♣♣❡r ❧❡♥❣t❤ ❧✐♠✐t❛t✐♦♥ ♦❢ ✔❛❝❇✐♦
r❡❛❞s ✭❋✐❣✳  ❜✮✱ ❛♥❞ t❤❡ ❢❛❝t t❤❛t ♦✉r s✐③❡✲s❡❧❡❝t✐♦♥ ♣r♦t♦❝♦❧ s❡❧❡❝t❡❞
❛❣❛✐♥st s❤♦rt❡r tr❛♥s❝r✐♣ts✳ ✑❡✈❡rt❤❡❧❡ss✱ ✇❡ ❞✐❞ ♥♦t ❢✐♥❞ ❡✈✐❞❡♥❝❡ t❤❛t
❧♥❝✏✑✒s ❛r❡ s✉❜st❛♥t✐❛❧❧② s❤♦rt❡r
✘✘
✳❲❡ ❡①♣❡❝t t❤❛t t❤✐s ✐ss✉❡ ✇✐❧❧ ❜❡
❞❡❢✐♥✐t✐✈❡❧② ❛♥s✇❡r❡❞ ✇✐t❤ ❢✉t✉r❡ ♥❛♥♦♣♦r❡ s❡q✉❡♥❝✐♥❣ ❛♣♣r♦❛❝❤❡s✳
■♥ ❛ ♣r❡✈✐♦✉s st✉❞②✱ ✇❡ ♦❜s❡r✈❡❞ ❡♥r✐❝❤♠❡♥t ❢♦r t✇♦✲❡①♦♥ ❣❡♥❡s
✐♥ ❧♥❝✏✑✒s
✘✘
✳ ❍♦✇❡✈❡r✱ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❝✉rr❡♥t st✉❞② s❤♦✇ t❤❛t
t❤✐s ✇❛s ❝❧❡❛r❧② ❛♥ ❛rt✐❢❛❝t ❛r✐s✐♥❣ ❢r♦♠ ❛♥♥♦t❛t✐♦♥ ✐♥❝♦♠♣❧❡t❡♥❡ss✿
t❤❡ ♠❡❛♥ ♥✉♠❜❡r ♦❢ ❡①♦♥s ❢♦r ❧♥❝✏✑✒s ✐♥ t❤❡ ❢✉❧❧✲❧❡♥❣t❤ ♠♦❞❡❧s
✇❛s ✹✳✦✼✱ ❝♦♠♣❛r❡❞ ✇✐t❤ ✥✳✥✾ ❢♦r ♠✏✑✒s ✭❋✐❣✳ ✺❜✱ ❙✉♣♣❧❡♠❡♥t❛r②
❋✐❣✳ ✶ ❜✮✳ ✓❤✐s ❞✐❢❢❡r❡♥❝❡ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❧♥❝✏✑✒s➆ ❧♦♥❣❡r ❡①♦♥s✱
❛❧t❤♦✉❣❤ t❤❡② ♣❡❛❦ ❛t ❛♣♣r♦①✐♠❛t❡❧② ✢✤✣ ❜♣✱ ♦r ♦♥❡ ♥✉❝❧❡♦s♦♠❛❧ t✉r♥
✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶ ❝✮✳
■♠♣r♦✈❡♠❡♥ts ✐♥✓✜✜ ❛♥♥♦t❛t✐♦♥ ❛r❡ ❢✉rt❤❡r ❞❡♠♦♥str❛t❡❞ ❜② t❤❡ ❢❛❝t
t❤❛t ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣ts➆ ✓✜✜s ❛r❡✱ ♦♥ ❛✈❡r❛❣❡✱ ❝❧♦s❡r t♦ ❡①♣❡❝t❡❞ ♣r♦✲
♠♦t❡r ❢❡❛t✉r❡s✱ ✐♥❝❧✉❞✐♥❣♣r♦♠♦t❡rs ❛♥❞ ❡♥❤❛♥❝❡rs♣r❡❞✐❝t❡❞ ❜② ❣❡♥♦♠❡
s❡❣♠❡♥t❛t✐♦♥s
✹✷
❛♥❞✚♣✛✐s❧❛♥❞s✱ ❛❧t❤♦✉❣❤♥♦t ❡✈♦❧✉t✐♦♥❛r✐❧② ❝♦♥s❡r✈❡❞
❡❧❡♠❡♥ts ♦r ♣❤❡♥♦t②♣✐❝ ❣❡♥♦♠❡✲✇✐❞❡ ❛ss♦❝✐❛t✐♦♥ st✉❞② ✈❛r✐❛♥ts
✹✸
✭❋✐❣✳ ✺❝✮✳ ✒❝❝✉r❛t❡ ♠❛♣♣✐♥❣ ♦❢ ❧♥❝✏✑✒ ♣r♦♠♦t❡rs ♠❛② ♣r♦✈✐❞❡ ♥❡✇
❤②♣♦t❤❡s❡s ❢♦r t❤❡♠❡❝❤❛♥✐s♠❜②✇❤✐❝❤ s✉❝❤ ✈❛r✐❛♥ts r❡s✉❧t ✐♥ ♦❜s❡r✈❡❞
♣❤❡♥♦t②♣❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♠♣r♦✈❡❞ ✤  ❛♥♥♦t❛t✐♦♥ ❜r✐♥❣s ❣❡♥♦♠❡✲
✇✐❞❡ ❛ss♦❝✐❛t✐♦♥ st✉❞② ✜✑✔ rs✦✹✥✢✽✤ ❝❧♦s❡r t♦ t❤❡ ✓✜✜ ♦❢ ✏✔✢✢✲✥✤❏✦
✭✕✑✜✛✣✣✣✣✣✦✥✦✹✤✹✮✳ ✕✈✐❞❡♥❝❡ ❢♦r ❛ ❢✉♥❝t✐♦♥❛❧ ❧✐♥❦ ❜❡t✇❡❡♥ t❤❡ t✇♦
✐s s✉♣♣♦rt❡❞ ❜② t❤❡ ❢❛❝t t❤❛t rs✦✹✥✢✽✤ ✐s ❛♥ ❡①♣r❡ss✐♦♥ q✉❛♥t✐t❛t✐✈❡
tr❛✐t ❧♦❝✉s ❢♦r ✏✔✢✢✲✥✤❏✦✱ ✇❤✐❝❤ ✐s ❡①♣r❡ss❡❞ ✐♥ ❤❡❛rt ❛♥❞ ♠✉s❝❧❡
✹✹
✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣✳ ✶ ❞✱❡✮✳
✓❤❡ ✐♠♣r♦✈❡❞ ✤  ❞❡❢✐♥✐t✐♦♥ ♣r♦✈✐❞❡❞ ❜② ✚✎✜ tr❛♥s❝r✐♣t ♠♦❞❡❧s ❛❧s♦
❛❧❧♦✇❡❞ ✉s t♦ ❝♦♠♣❛r❡ ❧♥❝✏✑✒ ❛♥❞ ♠✏✑✒ ♣r♦♠♦t❡rs✳ ✏❡❝❡♥t st✉❞✐❡s
❜❛s❡❞ ♦♥ t❤❡ st❛rt ♣♦s✐t✐♦♥s ♦❢ ❣❡♥❡ ❛♥♥♦t❛t✐♦♥s ❤❛✈❡ ❝❧❛✐♠❡❞ t❤❛t
str♦♥❣ ❞✐❢❢❡r❡♥❝❡s ❡①✐st ❜❡t✇❡❡♥ ❧♥❝✏✑✒ ❛♥❞ ♠✏✑✒ ♣r♦♠♦t❡rs
✹✺✙✹✻
✳
✓♦ ♠❛❦❡ ❢❛✐r ❝♦♠♣❛r✐s♦♥s✱ ✇❡ ❝r❡❛t❡❞ ❛♥ ❡①♣r❡ss✐♦♥✲♠❛t❝❤❡❞ s❡t ♦❢
♠✏✑✒s ✐♥ ❍❡✎❛ ❛♥❞ ❑✤✥✦ ❝❡❧❧s✱ ❛♥❞ r❡♠♦✈❡❞ ❜✐❞✐r❡❝t✐♦♥❛❧ ♣r♦♠♦t✲
❡rs✳❲❡ ❝♦♠♣❛r❡❞ t❤❡s❡ ❛❝r♦ss ❛ ✈❛r✐❡t② ♦❢ ❞❛t❛ s❡ts ❢r♦♠ ✕✑✚✖✗✕
✘✷
✭❙✉♣♣❧❡♠❡♥t❛r② ❋✐❣s✳ ✶✁ ❛♥❞ ✶✺✮✳
❲❡ ♦❜s❡r✈❡❞ ❛ s❡r✐❡s ♦❢ s✐♠✐❧❛r ❛♥❞ ❞✐✈❡r❣❡♥t ❢❡❛t✉r❡s ♦❢ ❧♥❝✏✑✒
❛♥❞ ♠✏✑✒ ♣r♦♠♦t❡rs✳ ❋♦r ❡①❛♠♣❧❡✱ ❛❝t✐✈❛t✐♥❣ ♣r♦♠♦t❡r ❤✐st♦♥❡
♠♦❞✐❢✐❝❛t✐♦♥s s✉❝❤ ❛s ❍✸❑✹♠❡✸ ✭❋✐❣✳ ✺❞✮ ❛♥❞ ❍✸❑✾❛❝ ✭❋✐❣✳ ✺❡✮
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➶➹➘➴➷➬ Ð òÖ×ÕÐÖ❰❐Ð✃ ×é éêààíàÐ❒❮❰Ï à❒ØáÝâ ❰ÖÔ❒✃ØÖ❐Õ❰✃ã äåæ çÏÐ ëÔ❰êÖÐì ✃Õà❐ØÐÚ ❰ÖÔ❒✃ØÖ❐Õ❰ àÐ❒❮❰Ï ×é ÑÒÓ éêààíàÐ❒❮❰Ï ä❋Òæ ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ éÖ×ë ❰ÔÖ❮Ð❰ÐÚ
à❒ØáÝâ à×Ø❐ì ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ éÖ×ë ❰ÏÐ ❰ÔÖ❮Ð❰ÐÚ Ô❒Ú ÚÐ❰ÐØ❰ÐÚ ÛÜÝÑÞßÜ à❒ØáÝâ à×Ø❐ì Ô❒Ú ÑÒÓ éêààíàÐ❒❮❰Ï ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ éÖ×ë ÕÖ×❰Ð❐❒íØ×Ú❐❒❮
à×Ø❐ã äúæ çÏÐ ❒êëïÐÖ ×é ÐÙ×❒✃ ÕÐÖ éêààíàÐ❒❮❰Ï ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà éÖ×ë ❰ÏÐ ✃ÔëÐ ❮Ö×êÕ✃ Ô✃ ❐❒ åã ß×❰❰ÐÚ à❐❒Ð✃ ÖÐÕÖÐ✃Ð❒❰ ëÐÚ❐Ô❒✃ é×Ö ❰ÏÐ ÖÐ✃ÕÐØ❰❐ðÐ ❮Ö×êÕ✃ã
ä æ ß❐✃❰Ô❒ØÐ✃ éÖ×ë Ô❒❒×❰Ô❰ÐÚ çÓÓ✃ ❰× ❮Ð❒×ë❐Ø éÐÔ❰êÖÐ✃ã ÜÔØÏ ØÐàà ✃Ï×ù✃ ❰ÏÐ ëÐÔ❒ Ú❐✃❰Ô❒ØÐ ❰× ❰ÏÐ ❒ÐÔÖÐ✃❰ ❒Ð❐❮Ïï×Ö❐❒❮ éÐÔ❰êÖÐ é×Ö ÐÔØÏ çÓÓã çÓÓ
✃Ð❰✃ Ø×ÖÖÐ✃Õ×❒Ú ❰× ❰ÏÐ ØàÔ✃✃Ð✃ éÖ×ë åã ➇ÓÏêééàÐÚ➈ ❐❒Ú❐ØÔ❰Ð✃ éêààíàÐ❒❮❰Ï à❒ØáÝâ çÓÓ✃ ÖÔ❒Ú×ëàè ÕàÔØÐÚ ❰ÏÖ×ê❮Ï×ê❰ ❮Ð❒×ëÐã ä➣Ñ➹æ â Ø×ëÕÔÖ❐✃×❒ ×é
ÕÖ×ë×❰ÐÖ ÕÖ×é❐àÐ✃ ÔØÖ×✃✃ ❮Ð❒Ð ✃Ð❰✃ã çÏÐ Ô❮❮ÖÐ❮Ô❰Ð ÚÐ❒✃❐❰è ×é ðÔÖ❐×ê✃ éÐÔ❰êÖÐ✃ ❐✃ ✃Ï×ù❒ ÔØÖ×✃✃ ❰ÏÐ çÓÓ✃ ×é ❰ÏÐ ❐❒Ú❐ØÔ❰ÐÚ ØàÔ✃✃Ð✃ã ÞðÐÖàÔÕÕ❐❒❮ çÓÓ✃ ùÐÖÐ
ëÐÖ❮ÐÚ ù❐❰Ï❐❒ ØàÔ✃✃Ð✃ì Ô❒Ú çÓÓ✃ ïÐà×❒❮❐❒❮ ❰× ï❐Ú❐ÖÐØ❰❐×❒Ôà ÕÖ×ë×❰ÐÖ✃ ùÐÖÐ Ú❐✃ØÔÖÚÐÚ äÞ❒à❐❒Ð ➜Ð❰Ï×Ú✃æã çÏÐ ↔íÔÙ❐✃ ✃Ï×ù✃ ❰ÏÐ ëÐÔ❒ ✃❐❮❒Ôà ÕÐÖ çÓÓ é×Ö
õ✙Ò➞ëÐ✙ ä➣æì õ✙Ò➝ÔØ ä➬æì õ✙Ò➝ëÐ✙ ä❢æì ÜÓõ➈ ä➘æì ÑçÑ❋ ä❤æ Ô❒Ú Ø×❒✃ÐÖðÔ❰❐×❒ ✃Ø×ÖÐ✃ ÔØÖ×✃✃ ➆Ô ðÐÖ❰ÐïÖÔ❰Ð ✃ÕÐØ❐Ð✃ äÕÏÔ✃❰Ñ×❒✃➆ÔùÔèæ ä➹æý ❮ÖÔè éÖ❐❒❮Ð✃
ÖÐÕÖÐ✃Ð❒❰ ❰ÏÐ ✃ãÐãëã ÑÏôòí✃Ðî ÐÙÕÐÖ❐ëÐ❒❰✃ ùÐÖÐ ØÔÖÖ❐ÐÚ ×ê❰ ù❐❰Ï õÐÒÔ ØÐàà✃ äÞ❒à❐❒Ð ➜Ð❰Ï×Ú✃æã ßÔÖñ ïàêÐì éêààíàÐ❒❮❰Ï à❒ØáÝâ ë×ÚÐà✃ éÖ×ë ÑÒÓý à❐❮Ï❰
ïàêÐì ❰ÏÐ ÛÜÝÑÞßÜ Ô❒❒×❰Ô❰❐×❒ ë×ÚÐà✃ éÖ×ë ùÏ❐ØÏ ❰ÏÐ ÑÒÓ éêààíàÐ❒❮❰Ï à❒ØáÝâ ë×ÚÐà✃ ùÐÖÐ ÕÖ×ïÐÚý ÖÐÚì Ô ✃êï✃Ð❰ ×é ÕÖ×❰Ð❐❒íØ×Ú❐❒❮ ❮Ð❒Ð✃ ù❐❰Ï ✃❐ë❐àÔÖ
ÐÙÕÖÐ✃✃❐×❒ ❐❒ õÐÒÔ ØÐàà✃ Ô✃ ❰ÏÐ ÑÒÓ à❒ØáÝâ✃ã
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➶➹➘➴➷➬ ✻ òÖ×❰Ð❐❒íØ×Ú❐❒❮ Õ×❰Ð❒❰❐Ôà ×é éêààíàÐ❒❮❰Ï à❒ØáÝâ✃ã äåæ çÏÐ ÕÖÐÚ❐Ø❰ÐÚ ÕÖ×❰Ð❐❒íØ×Ú❐❒❮ Õ×❰Ð❒❰❐Ôà ×é Ôàà éêààíàÐ❒❮❰Ï ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ ëÔÕÕÐÚ ❰×
à❒ØáÝâ äàÐé❰æ ×Ö ÕÖ×❰Ð❐❒íØ×Ú❐❒❮ à×Ø❐ äÖ❐❮Ï❰æã ò×❐❒❰✃ ÖÐÕÖÐ✃Ð❒❰ éêààíàÐ❒❮❰Ï ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ã çÏÐ ↔íÔÙ❐✃ ❐❒Ú❐ØÔ❰Ð✃ ❰ÏÐ Ø×Ú❐❒❮ à❐ñÐà❐Ï××Ú ÔØØ×ÖÚ❐❒❮ ❰×
òÏèà×ÑÓ❋ì ïÔ✃ÐÚ ×❒ ëêà❰❐ÕàÐ ❮Ð❒×ëÐ Ôà❐❮❒ëÐ❒❰✃ý ❰ÏÐ ➢íÔÙ❐✃ ✃Ï×ù✃ ❰ÏÐ à❐ñÐà❐Ï××Ú ØÔàØêàÔ❰ÐÚ ïè Ñòâçì Ô❒ Ôà❐❮❒ëÐ❒❰íéÖÐÐ ëÐ❰Ï×Úã áÐÚ ÚÔ✃ÏÐÚ à❐❒Ð✃
❐❒Ú❐ØÔ❰Ð ✃Ø×ÖÐ ❰ÏÖÐ✃Ï×àÚ✃ì Ô❒Ú ðÔàêÐ✃ Ôï×ðÐ ❰Ï×✃Ð ❰ÏÖÐ✃Ï×àÚ✃ ùÐÖÐ Ø×❒✃❐ÚÐÖÐÚ ÖÐÕÖÐ✃Ð❒❰Ô❰❐ðÐ ×é ÕÖ×❰Ð❐❒ Ø×Ú❐❒❮ã çÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ ❰ÏÔ❰ ëÔÕÕÐÚ ❰×
ëêà❰❐ÕàÐ ï❐×❰èÕÐ✃ ùÐÖÐ ❒×❰ Ø×❒✃❐ÚÐÖÐÚã äúæ ÝêëïÐÖ✃ ×é ØàÔ✃✃❐é❐ÐÚ ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ éÖ×ë åã ä æ çÏÐ Ú❐✃Ø×ðÐÖè ×é ❒Ðù ÕÖ×❰Ð❐❒íØ×Ú❐❒❮ ❰ÖÔ❒✃ØÖ❐Õ❰✃ ❐❒ éêààí
àÐ❒❮❰Ï ÑÒÓ ÖÐÔÚ✃ ù❐❰Ï òÏèà×ÑÓ❋ã ❋×Ö ÐÔØÏ ÕÖ×ïÐÚ ÛÜÝÑÞßÜ ❮Ð❒Ð Ô❒❒×❰Ô❰❐×❒ì ùÐ ❰××ñ ❰ÏÐ ✃Ø×ÖÐ ×é ❰ÏÐ ïÐ✃❰ Þá❋ ÔØÖ×✃✃ Ôàà ❰ÖÔ❒✃ØÖ❐Õ❰✃ ä➢íÔÙ❐✃æ Ô❒Ú
❰ÏÐ ✃Ø×ÖÐ ×é ❰ÏÐ ïÐ✃❰ Þá❋ ❐❒ ❰ÏÐ Ø×ÖÖÐ✃Õ×❒Ú❐❒❮ éêààíàÐ❒❮❰Ï ÑÒÓ ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ ä↔íÔÙ❐✃æã ❨Ðàà×ùì à×Ø❐ éÖ×ë ❰ÏÐ ÛÜÝÑÞßÜ ð➈➟ Ô❒❒×❰Ô❰❐×❒ ÕÖÐÚ❐Ø❰ÐÚ
❰× Ð❒Ø×ÚÐ ÕÖ×❰Ð❐❒✃ý ÖÐÚì à❒ØáÝâ à×Ø❐ ùÏÐÖÐ ❒Ðù Þá❋✃ ùÐÖÐ Ú❐✃Ø×ðÐÖÐÚ Ô✃ Ô ÖÐ✃êà❰ ×é ÑÒÓ ❰ÖÔ❒✃ØÖ❐Õ❰ ë×ÚÐà✃ã ä➣æ ❑✛◆✜❘ì Ô❒ ÐÙÔëÕàÐ ×é Ô❒ Ô❒❒×❰Ô❰ÐÚ
à❒ØáÝâ à×Øê✃ ùÏÐÖÐ Ô ❒×ðÐà ÕÖ×❰Ð❐❒íØ×Ú❐❒❮ ✃ÐîêÐ❒ØÐ ùÔ✃ Ú❐✃Ø×ðÐÖÐÚã ç×Õì ❰ÏÐ ✃❰ÖêØ❰êÖÐ ×é ❰ÏÐ à❒ØáÝâ Ô❒Ú ❰ÏÐ Ô✃✃×Ø❐Ô❰ÐÚ Þá❋ äÏ❐❮Ïà❐❮Ï❰ÐÚ ÖÐ❮❐×❒æ
éÔàà❐❒❮ ù❐❰Ï❐❒ ❰ÏÐ ÖÔ❒❮Ð ×é ❒×ðÐà éêààíàÐ❒❮❰Ï ÑÒÓ ❰ÖÔ❒✃ØÖ❐Õ❰✃ äÖÐÚæã Ý×❰Ð Ï×ù ❰Ï❐✃ Þá❋ à❐Ð✃ ×ê❰✃❐ÚÐ ❰ÏÐ ÐÙ❐✃❰❐❒❮ Ô❒❒×❰Ô❰❐×❒ ä❮ÖÐÐ❒æ Ô❒Ú ×ðÐÖàÔÕ✃ Ô
Ï❐❮Ïàè Ø×❒✃ÐÖðÐÚ ÖÐ❮❐×❒ ä✃ÐÐ ❰ÏÐ òÏÔ✃❰Ñ×❒✃ Ø×❒✃ÐÖðÔ❰❐×❒ ❰ÖÔØñ ïÐà×ùæã â ✃ÐîêÐ❒ØÐ ×ï❰Ô❐❒ÐÚ ïè áçíòÑá äïàÔØñæ ❐✃ Ôà✃× ✃Ï×ù❒ã ó×❰❰×ëì Ø×❒✃ÐÖðÔ❰❐ðÐ
✃êï✃❰❐❰ê❰❐×❒✃ ❐❒ ❰ÏÐ ÕÖÐÚ❐Ø❰ÐÚ ✼ íÔë❐❒×íÔØ❐Ú Þá❋ Ø×❒✃❐✃❰Ð❒❰ ù❐❰Ï Ô éê❒Ø❰❐×❒Ôà ÕÐÕ❰❐ÚÐì ❮Ð❒ÐÖÔ❰ÐÚ ïè Ñ×Úâà❐❮❒❱❐Ðù ä➇➱áÒ✃➈æã õ❐❮ÏíØ×❒é❐ÚÐ❒ØÐ
ÕÖÐÚ❐Ø❰ÐÚ Ó➜âáç
✺✸
Ú×ëÔ❐❒✃ ÔÖÐ ❐❒Ú❐ØÔ❰ÐÚ ïè Ø×à×ÖÐÚ ïÔÖ✃ã çÏ❐✃ Þá❋ à❐Ð✃ ù❐❰Ï❐❒ Ô❒Ú Ô❒❰❐✃Ð❒✃Ð ❰× Ô❒ Ò➆ ❰ÖÔ❒✃Õ×✃ÔïàÐ ÐàÐëÐ❒❰ ä❮ÖÔè ïÔÖæã
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✇❡ ❡st✐♠❛t❡ t❤❛t ✚✎✜ ②✐❡❧❞❡❞ ♦♥❡ ♥♦✈❡❧✱ ❢✉❧❧✲❧❡♥❣t❤ ❧♥❝✏✑✒ str✉❝t✉r❡
❢♦r ❡✈❡r② ✩✽ s♣❡♥t✱ ❝♦♠♣❛r❡❞ ✇✐t❤ ✩✦✼ ✇✐t❤ ❝♦♥✈❡♥t✐♦♥❛❧ ✚❛♣t✉r❡✜❡q✳
✓❤✐s ❞✐❢❢❡r❡♥❝❡ ✐s ❞✉❡ t♦ t❤❡ ❣r❡❛t❡r r❛t❡ ♦❢ ❢✉❧❧✲❧❡♥❣t❤ tr❛♥s❝r✐♣t ❞✐s✲
❝♦✈❡r② ❜② ✚✎✜✳
✗❡s♣✐t❡ ✐ts ❛❞✈❛♥t❛❣❡s✱ ✚✎✜ ❝♦✉❧❞ st✐❧❧ ❜❡ ♦♣t✐♠✐③❡❞ ✐♥ s❡✈✲
❡r❛❧ r❡s♣❡❝ts✳ ❋✐rst✱ t❤❡ ❝❛♣t✉r❡ ❡❢❢✐❝✐❡♥❝② ❢♦r ❧♦♥❣ ❝✗✑✒s ❝❛♥ ❜❡
✐♠♣r♦✈❡❞ ❜② s❡✈❡r❛❧✲❢♦❧❞✳ ✜❡❝♦♥❞✱ ✈❛r✐♦✉s t❡❝❤♥✐❝❛❧ ❢❛❝t♦rs ❧✐♠✐t
t❤❡ ❝♦♠♣❧❡t❡♥❡ss ♦❢ ✚✎✜ tr❛♥s❝r✐♣t ♠♦❞❡❧s✱ ✐♥❝❧✉❞✐♥❣ s❡q✉❡♥❝✐♥❣
r❡❛❞s t❤❛t r❡♠❛✐♥ s❤♦rt❡r t❤❛♥ ♠❛♥② tr❛♥s❝r✐♣ts✱ ✐♥❝♦♠♣❧❡t❡ r❡✈❡rs❡
tr❛♥s❝r✐♣t✐♦♥ ♦❢ t❤❡ ✏✑✒ t❡♠♣❧❛t❡✱ ❛♥❞ ❞❡❣r❛❞❛t✐♦♥ ♦❢ ✏✑✒ ♠♦❧✲
❡❝✉❧❡s ❜❡❢♦r❡ r❡✈❡rs❡ tr❛♥s❝r✐♣t✐♦♥✳ ✏❡s♦❧✉t✐♦♥ ♦❢ t❤❡s❡ ✐ss✉❡s ✇✐❧❧
❜❡ ❛♥ ✐♠♣♦rt❛♥t ♦❜❥❡❝t✐✈❡ ♦❢ ❢✉t✉r❡ ♣r♦t♦❝♦❧ ✐♠♣r♦✈❡♠❡♥ts✱ ❛♥❞
♦♥❧② ❛❢t❡r ✐t ❤❛s ❜❡❡♥ ❛❝❤✐❡✈❡❞ ❝❛♥ ✇❡ ♠❛❦❡ ❞❡❢✐♥✐t✐✈❡ ❥✉❞❣♠❡♥ts
❛❜♦✉t ❧♥❝✏✑✒ tr❛♥s❝r✐♣t ♣r♦♣❡rt✐❡s✳ ■♥ r❡❝❡♥t ✇♦r❦ s❡♣❛r❛t❡ ❢r♦♠
t❤❡ ❝✉rr❡♥t st✉❞②✱ ✇❡ ❢✉rt❤❡r ♦♣t✐♠✐③❡❞ t❤❡ ❝❛♣t✉r❡ ♣r♦t♦❝♦❧✱ ♣✉s❤✲
✐♥❣ ♦♥✲t❛r❣❡t r❛t❡s t♦ ❛r♦✉♥❞ ✸✤✪ ✭✖♥❧✐♥❡ ▼❡t❤♦❞s ❛♥❞ ❞❛t❛ ♥♦t
s❤♦✇♥✮✳ ❍♦✇❡✈❡r✱ t❤❡ ♠♦st ❞r❛♠❛t✐❝ ❣❛✐♥s ✐♥ t❤❡ ❝♦st✲❡❢❢❡❝t✐✈❡♥❡ss
❛♥❞ ❝♦♠♣❧❡t❡♥❡ss ♦❢ ✚✎✜ ✇✐❧❧ ❝♦♠❡ ❢r♦♠ ❛❞✈❛♥❝❡s ✐♥ s❡q✉❡♥❝✐♥❣
t❡❝❤♥♦❧♦❣②✳ ✓❤❡ ❧❛t❡st ♥❛♥♦♣♦r❡ ❝✗✑✒ s❡q✉❡♥❝✐♥❣ ♣r♦♠✐s❡s t♦ ❜❡
⑦✢✤✣✲❢♦❧❞ ❧❡ss ❡①♣❡♥s✐✈❡ ♣❡r r❡❛❞ t❤❛♥ ✔❛❝❇✐♦ t❡❝❤♥♦❧♦❣② ✭✣✳✣✢
✈❡rs✉s ✢✤ ❝❡♥ts ♣❡r r❡❛❞✱ r❡s♣❡❝t✐✈❡❧②✮✳
❋✉❧❧✲❧❡♥❣t❤ ❛♥♥♦t❛t✐♦♥s ❤❛✈❡ ♣r♦✈✐❞❡❞ t❤❡ ♠♦st ❝♦♥❢✐❞❡♥t ✈✐❡✇ s♦
❢❛r ♦❢ ❧♥❝✏✑✒ ❣❡♥❡ ♣r♦♣❡rt✐❡s✳ ✎♥❝✏✑✒s ❛r❡ ♠♦r❡ s✐♠✐❧❛r t♦ ♠✏✑✒s
t❤❛♥ ♣r❡✈✐♦✉s❧② t❤♦✉❣❤t ✐♥ t❡r♠s ♦❢ s♣❧✐❝❡ ❧❡♥❣t❤ ❛♥❞ ❡①♦♥ ❝♦✉♥t
✘✘
✳
❲❡ ♥♦t❡❞ ❛ s✐♠✐❧❛r tr❡♥❞ ❢♦r ♣r♦♠♦t❡rs✿ ✇❤❡♥ ❧♥❝✏✑✒ ♣r♦♠♦t❡rs
✇❡r❡ ❛❝❝✉r❛t❡❧② ♠❛♣♣❡❞ ❜② ✚✎✜ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ ❡①♣r❡ss✐♦♥✲
♠❛t❝❤❡❞ ♣r♦t❡✐♥✲❝♦❞✐♥❣ ❣❡♥❡s✱ ✇❡ ❢♦✉♥❞ t❤❡♠ t♦ ❜❡ s✉r♣r✐s✐♥❣❧②
s✐♠✐❧❛r ✐♥ t❡r♠s ♦❢ ❛❝t✐✈❛t✐♥❣ ♠♦❞✐❢✐❝❛t✐♦♥s✳ ✓❤✐s s✉❣❣❡sts t❤❛t ♣r❡✲
✈✐♦✉s st✉❞✐❡s t❤❛t ♣❧❛❝❡❞ ❝♦♥❢✐❞❡♥❝❡ ✐♥ ❛♥♥♦t❛t✐♦♥s ♦❢ ✓✜✜s s❤♦✉❧❞
❜❡ r❡❛ss❡ss❡❞
✹✺✙✹✻
✳ ✖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❧♥❝✏✑✒ ♣r♦♠♦t❡rs ❞♦ ❤❛✈❡
✉♥✐q✉❡ ♣r♦♣❡rt✐❡s✱ ✐♥❝❧✉❞✐♥❣ ❡❧❡✈❛t❡❞ ❧❡✈❡❧s ♦❢ r❡♣r❡ss✐✈❡ ❤✐st♦♥❡
♠♦❞✐❢✐❝❛t✐♦♥✱ r❡❝r✉✐t♠❡♥t ♦❢ ✔♦❧②❝♦♠❜ ❣r♦✉♣ ♣r♦t❡✐♥s✱ ❛♥❞ ✐♥t❡r❛❝✲
t✐♦♥ ✇✐t❤ t❤❡ ✐♥s✉❧❛t♦r ♣r♦t❡✐♥ ✚✓✚❋✳ ✓♦ ♦✉r ❦♥♦✇❧❡❞❣❡✱ t❤✐s ✐s t❤❡
❢✐rst r❡♣♦rt t♦ s✉❣❣❡st ❛ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❧♥❝✏✑✒s ❛♥❞ ✐♥s✉❧❛t♦r
❡❧❡♠❡♥ts✳ ✖✈❡r❛❧❧✱ t❤❡s❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ❧♥❝✏✑✒ ❣❡♥❡ ❢❡❛t✉r❡s
♣❡r s❡ ❛r❡ ❣❡♥❡r❛❧❧② s✐♠✐❧❛r t♦ t❤♦s❡ ♦❢ ♠✏✑✒s✱ ❛❢t❡r ♥♦r♠❛❧✐③❛t✐♦♥
❢♦r ❞✐❢❢❡r❡♥❝❡s ✐♥ ❡①♣r❡ss✐♦♥✳ ❋✐♥❛❧❧②✱ ❡①t❡♥❞❡❞ tr❛♥s❝r✐♣t ♠♦❞❡❧s ❞✐❞
♥♦t ②✐❡❧❞ ❡✈✐❞❡♥❝❡ ❢♦r ✇✐❞❡s♣r❡❛❞ ♣r♦t❡✐♥✲❝♦❞✐♥❣ ❝❛♣❛❝✐t② ❡♥❝♦❞❡❞
✐♥ ❧♥❝✏✑✒s✳
✗❡s♣✐t❡ ♦✉r s✉❝❝❡ss ✐♥ ♠❛♣♣✐♥❣ ♥♦✈❡❧ str✉❝t✉r❡s ✐♥ ❛♥♥♦t❛t❡❞
❧♥❝✏✑✒s✱ ✇❡ ♦❜s❡r✈❡❞ s✉r♣r✐s✐♥❣❧② ❧♦✇ ♥✉♠❜❡rs ♦❢ tr❛♥s❝r✐♣t ♠♦❞✲
❡❧s ♦r✐❣✐♥❛t✐♥❣ ✐♥ t❤❡ r❡❧❛t✐✈❡❧② ❢❡✇❡r ♥✉♠❜❡rs ♦❢ ✉♥❛♥♥♦t❛t❡❞ ❧♦❝✐
t❤❛t ✇❡ ♣r♦❜❡❞✱ ✐♥❝❧✉❞✐♥❣ ✉❧tr❛❝♦♥s❡r✈❡❞ ❡❧❡♠❡♥ts ❛♥❞ ❞❡✈❡❧♦♣✲
♠❡♥t❛❧ ❡♥❤❛♥❝❡rs✳ ✓❤✐s s✉❣❣❡sts t❤❛t✱ ❛t ❧❡❛st ✐♥ t❤❡ t✐ss✉❡ s❛♠♣❧❡s
♣r♦❜❡❞ ❤❡r❡✱ s✉❝❤ ❡❧❡♠❡♥ts ❞♦ ♥♦t ❣✐✈❡ r✐s❡ t♦ s✉❜st❛♥t✐❛❧ ♥✉♠❜❡rs
♦❢ ❧♥❝✏✑✒✲❧✐❦❡✱ ♣♦❧②✒✰ tr❛♥s❝r✐♣ts✳
■♥ s✉♠♠❛r②✱ ❜② r❡s♦❧✈✐♥❣ ❛ ❧♦♥❣st❛♥❞✐♥❣ r♦❛❞❜❧♦❝❦ ✐♥ ❧♥❝✏✑✒
tr❛♥s❝r✐♣t ❛♥♥♦t❛t✐♦♥✱ t❤❡ ✚✎✜ ❛♣♣r♦❛❝❤ ♣r♦♠✐s❡s t♦ ❛❝❝❡❧❡r❛t❡
♣r♦❣r❡ss t♦✇❛r❞ ❛♥ ❡✈❡♥t✉❛❧ ➅❝♦♠♣❧❡t❡➆ ♠❛♠♠❛❧✐❛♥ tr❛♥s❝r✐♣t♦♠❡
❛♥♥♦t❛t✐♦♥✳ ✓❤❡s❡ ✉♣❞❛t❡❞ ❧♥❝✏✑✒ ❝❛t❛❧♦❣s r❡♣r❡s❡♥t ❛ ✈❛❧✉❛❜❧❡
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➋Ò➌ ➘➝➡➏➧➎à➑➢➎➟➓ ➘➌ →➣ ↔↕➙ ➦➑➒➏➡➛÷÷õ ➎➒➒➬➏➎➞➝ ➦➑➒➏➡➱✃❐ ➞➏➎➐➟➒➏➑➠➞➑➡➐ ➟➞➎➏➞ ➟➑➞➝
➑➤➝➐➞➑➮➒➎➞➑➡➐ ➏➝Õ➝➎➢➟ ➎ ➟➑➧➐➑➮➒➎➐➞ ➐➬➦ä➝➏ ➡➥ ➤➑Õ➝➏➧➝➐➞ ➠➏➑➴➦➑➱✃❐➟➌ ❮↔➣➙ ❈âûû×➭➙
Ú➓ ➵Ò➚➚ ➽➾➚➋Ñ➪➌
➋Ó➌ Ø➏➡➦➓ ❯➌❐➌ →➣ ↔↕➙ ý➡➐➧ ➐➡➐➒➡➤➑➐➧ ➱✃❐➟ ➷➑➞➜ ➝➐➜➎➐➒➝➏➴➢➑à➝ ➥➬➐➒➞➑➡➐ ➑➐ ➜➬➦➎➐ ➒➝➢➢➟➌
❈→↕↕ ÏÙ➯➓ Ñ➻➺➵Ó ➽➾➚➋➚➪➌
➋➸➌ ❋➝➏➤➑➐➓ ➶➌ →➣ ↔↕➙ ➹å✃➍❯➛➟ ➑➐ ➒➎➐➒➝➏õ ➜Ö➠➡Ý➑➎➴➑➐➤➬➒➝➤ ➐➡➐➒➡➤➑➐➧ ➬➢➞➏➎➒➡➐➟➝➏Õ➝➤
➞➏➎➐➟➒➏➑➠➞➟➌ ❈→↕↕ è→↔➣ù è➫❉❉→Ø➙ ê➲➓ ➋➻Ò➵➺➋➻ÓÒ ➽➾➚➋➼➪➌
➾➚➌ ➍➎➢➑➐➓ ➘➌❐➌ →➣ ↔↕➙ ❯➢➞➏➎➒➡➐➟➝➏Õ➝➤ ➏➝➧➑➡➐➟ ➝➐➒➡➤➑➐➧ ➐➒➱✃❐➟ ➎➏➝ ➎➢➞➝➏➝➤ ➑➐ ➜➬➦➎➐
➢➝➬à➝➦➑➎➟ ➎➐➤ ➒➎➏➒➑➐➡➦➎➟➌ ❈↔➭➩→Ø ❈→↕↕ Ïê➓ ➾➋➵➺➾➾➸ ➽➾➚➚Ò➪➌
➾➋➌ ý➎➧➎➏➤➝➓ ➶➌ →➣ ↔↕➙ ôÝ➞➝➐➟➑➡➐ ➡➥ ➜➬➦➎➐ ➢➐➒➱✃❐ ➞➏➎➐➟➒➏➑➠➞➟ äÖ ➱❐➍ô ➒➡➬➠➢➝➤ ➷➑➞➜
➢➡➐➧➴➏➝➎➤ ➜➑➧➜➴➞➜➏➡➬➧➜➠➬➞ ➟➝Þ➬➝➐➒➑➐➧ ➽➱❐➍ô➴÷➝Þ➪➌ ❮↔➣➙ ❈âûû×➭➙ ã➓ ➋➾➼➼➸
➽➾➚➋➻➪➌
➾➾➌ Ô➝➏➒➝➏➓ ➛➌➱➌ →➣ ↔↕➙ ➛➎➏➧➝➞➝➤ ➱✃❐ ➟➝Þ➬➝➐➒➑➐➧ ➏➝Õ➝➎➢➟ ➞➜➝ ➤➝➝➠ ➒➡➦➠➢➝Ý➑➞Ö ➡➥ ➞➜➝
➜➬➦➎➐ ➞➏➎➐➟➒➏➑➠➞➡➦➝➌ ❮↔➣➙ ø➫â➣→➩ù➭â↕➙ ➯➲➓ ➸➸➺➋➚Ñ ➽➾➚➋➋➪➌
➾➼➌ ü➬➟➟➡➞➞➑➓ ➘➌ →➣ ↔↕➙ å➦➠➏➡Õ➝➤ ➤➝➮➐➑➞➑➡➐ ➡➥ ➞➜➝ ➦➡➬➟➝ ➞➏➎➐➟➒➏➑➠➞➡➦➝ Õ➑➎ ➞➎➏➧➝➞➝➤ ➱✃❐
➟➝Þ➬➝➐➒➑➐➧➌ æ→➭âû→ ❒→ç➙ êÐ➓ Ò➚➵➺Ò➋➻ ➽➾➚➋➻➪➌
➾Ñ➌ ➍➢➎➏à➓ Ô➌ü➌ →➣ ↔↕➙ ◗➬➎➐➞➑➞➎➞➑Õ➝ ➧➝➐➝ ➠➏➡➮➢➑➐➧ ➡➥ ➢➡➐➧ ➐➡➐➒➡➤➑➐➧ ➱✃❐➟ ➷➑➞➜ ➞➎➏➧➝➞➝➤
➱✃❐ ➟➝Þ➬➝➐➒➑➐➧➌ ❮↔➣➙ ▼→➣ùâöç Ïê➓ ➼➼➸➺➼Ñ➾ ➽➾➚➋➵➪➌
➾➵➌ ❐➐➤➝➏➟➟➡➐➓ ➱➌ →➣ ↔↕➙ ❐➐ ➎➞➢➎➟ ➡➥ ➎➒➞➑Õ➝ ➝➐➜➎➐➒➝➏➟ ➎➒➏➡➟➟ ➜➬➦➎➐ ➒➝➢➢ ➞Ö➠➝➟ ➎➐➤
➞➑➟➟➬➝➟➌ ❮↔➣×Ø→ Ú➲ã➓ Ñ➵➵➺Ñ➻➋ ➽➾➚➋Ñ➪➌
➾➻➌ ï➡❑➡➦➎➏➎➓ ❐➌ í ➘➏➑➥➮➞➜➟➴➶➡➐➝➟➓ ÷➌ ➦➑➱ü➎➟➝õ ➎➐➐➡➞➎➞➑➐➧ ➜➑➧➜ ➒➡➐➮➤➝➐➒➝ ➦➑➒➏➡➱✃❐➟
➬➟➑➐➧ ➤➝➝➠ ➟➝Þ➬➝➐➒➑➐➧ ➤➎➞➎➌ ❮×➩↕→➫➩ ❰➩➫öç ❒→ç➙ Ùê➓ Ü➻Ó➺ÜÒ➼ ➽➾➚➋Ñ➪➌
➾Ò➌ ë➑➟➝➢➓ ❐➌➓ Ô➑➐➡Õ➑➞➟àÖ➓ ÷➌➓ Ü➬ä➒➜➎à➓ å➌ í ➔➝➐➐➎➒➒➜➑➡➓ ý➌❐➌ ëå÷➛❐ ô➐➜➎➐➒➝➏ ü➏➡➷➟➝➏❇
➎ ➤➎➞➎ä➎➟➝ ➡➥ ➞➑➟➟➬➝➴➟➠➝➒➑➮➒ ➜➬➦➎➐ ➝➐➜➎➐➒➝➏➟➌ ❮×➩↕→➫➩ ❰➩➫öç ❒→ç➙ ➯Ú➓ ÜÓÓ➺Ü➸➾
➽➾➚➚Ò➪➌
➾Ó➌ Ü➑➦➑➞➏➑➝Õ➎➓ ÷➌ í ü➬➒➜➝➏➓ ➔➌ ❯➍✃ôä➎➟➝❇➎ ➤➎➞➎ä➎➟➝ ➡➥ ➬➢➞➏➎➒➡➐➟➝➏Õ➝➤ ➐➡➐➴➒➡➤➑➐➧
➝➢➝➦➝➐➞➟ ➎➐➤ ➧➝➐➡➦➑➒ ➏➝➧➬➢➎➞➡➏Ö ä➢➡➒à➟➌ ❮×➩↕→➫➩ ❰➩➫öç ❒→ç➙ ÙÏ➓ Ü➋➚➋➺Ü➋➚➸ ➽➾➚➋➼➪➌
➾➸➌ ü➬➟➟➡➞➞➑➓ ➘➌ →➣ ↔↕➙ ü➢➎➟➞➱❇➥➎➟➞ ➎➐➤ ➎➒➒➬➏➎➞➝ ➤➎➞➎ä➎➟➝ ➟➝➎➏➒➜➝➟ ➥➡➏ ➐➡➐➴➒➡➤➑➐➧
➱✃❐➟➌ ❮×➩↕→➫➩ ❰➩➫öç ❒→ç➙ ➯➳➓ ➻ÓÓ➻➺➻Ó➸➵ ➽➾➚➋➋➪➌
➼➚➌ ï➏➎➢ú➓ ➶➌➘➌ í ÷➎➢➑➞➓ Ô➌ý➌ ➍➜➎➏➎➒➞➝➏➑❑➎➞➑➡➐ ➡➥ ➑➐ Õ➑➞➏➡ ➞➏➎➐➟➒➏➑➠➞➑➡➐ ➎➦➠➢➑➮➒➎➞➑➡➐
➢➑➐➝➎➏➑➞Ö ➎➐➤ Õ➎➏➑➎ä➑➢➑➞Ö ➑➐ ➞➜➝ ➢➡➷ ➒➡➠Ö ➐➬➦ä➝➏ ➏➝➧➑➦➝ ➬➟➑➐➧ ôÝ➞➝➏➐➎➢ ➱✃❐ ➍➡➐➞➏➡➢
➍➡➐➟➡➏➞➑➬➦ ➽ô➱➍➍➪ ➟➠➑à➝➴➑➐➟➌ ❰➭↔↕➙ ø➫â↔➭↔↕➙ ❈ù→û➙ Ù➲Ú➓ ➼➋➵➺➼➾➚ ➽➾➚➋➼➪➌
➼➋➌ Üú➝ä➎➢➑➓ ÷➌ →➣ ↔↕➙ ý➎➐➤➟➒➎➠➝ ➡➥ ➞➏➎➐➟➒➏➑➠➞➑➡➐ ➑➐ ➜➬➦➎➐ ➒➝➢➢➟➌ ❮↔➣×Ø→ ÙÛ➳➓ ➋➚➋➺➋➚Ó
➽➾➚➋➾➪➌
➼➾➌ ÷➜➎➏➡➐➓ Ü➌➓ ➛➑➢➧➐➝➏➓ ➹➌➓ ➘➏➬ä➝➏➞➓ ❋➌ í ÷➐Ö➤➝➏➓ Ô➌ ❐ ➟➑➐➧➢➝➴➦➡➢➝➒➬➢➝ ➢➡➐➧➴➏➝➎➤ ➟➬➏Õ➝Ö
➡➥ ➞➜➝ ➜➬➦➎➐ ➞➏➎➐➟➒➏➑➠➞➡➦➝➌ ❮↔➣➙ ø➫â➣→➩ù➭â↕➙ ➯Ï➓ ➋➚➚➸➺➋➚➋Ñ ➽➾➚➋➼➪➌
➼➼➌ ◗➬➎➑➢➓ Ô➌❐➌ →➣ ↔↕➙ ❐ ➞➎➢➝ ➡➥ ➞➜➏➝➝ ➐➝Ý➞ ➧➝➐➝➏➎➞➑➡➐ ➟➝Þ➬➝➐➒➑➐➧ ➠➢➎➞➥➡➏➦➟õ ➒➡➦➠➎➏➑➟➡➐
➡➥ å➡➐ ➛➡➏➏➝➐➞➓ ➔➎➒➑➮➒ ü➑➡➟➒➑➝➐➒➝➟ ➎➐➤ å➢➢➬➦➑➐➎ Ô➑÷➝Þ ➟➝Þ➬➝➐➒➝➏➟➌ ø▼❈ æ→➭âû➫➩ç
Ï➯➓ ➼Ñ➋ ➽➾➚➋➾➪➌
➼Ñ➌ Ô➝➏➒➝➏➓ ➛➌➱➌ →➣ ↔↕➙ ➛➎➏➧➝➞➝➤ ➟➝Þ➬➝➐➒➑➐➧ ➥➡➏ ➧➝➐➝ ➤➑➟➒➡Õ➝➏Ö ➎➐➤ Þ➬➎➐➞➑➮➒➎➞➑➡➐ ➬➟➑➐➧
➱✃❐ ➍➎➠➞➬➏➝÷➝Þ➌ ❮↔➣➙ áØâ➣â➩➙ ➳➓ ➸Ó➸➺➋➚➚➸ ➽➾➚➋Ñ➪➌
➼➵➌ ➘➎➏➒●➎➴➘➎➏➒●➎➓ ➘➌ →➣ ↔↕➙ ❐➟➟➝➟➟➦➝➐➞ ➡➥ ➞➜➝ ➢➎➞➝➟➞ ✃➘÷ ➝➐➏➑➒➜➦➝➐➞ ➒➎➠➞➬➏➝ ➦➝➞➜➡➤➟
➑➐ ➒➢➑➐➑➒➎➢ ➒➡➐➞➝Ý➞➌ ➨➩➫➙ ❒→❘➙ Ð➓ ➾➚➸ÑÓ ➽➾➚➋➻➪➌
➼➻➌ ý➝➬➒➒➑➓ ô➌ →➣ ↔↕➙ Ô➝➢➎➐➡➦➎ ➎➤➤➑➒➞➑➡➐ ➞➡ ➞➜➝ ➢➡➐➧ ➐➡➐➴➒➡➤➑➐➧ ➱✃❐ ÷❐ÔÔ÷ò✃➌
❮↔➣×Ø→ Ú➯Ï➓ ➵➋Ó➺➵➾➾ ➽➾➚➋➻➪➌
➼Ò➌ ü➢➎➐➒➡➓ ô➌➓ ➔➎➏➏➎➓ ➘➌ í ➘➬➑➧ ➓ ➱➌ ❯➟➑➐➧ ➧➝➐➝➑➤ ➞➡ ➑➤➝➐➞➑➥Ö ➧➝➐➝➟➌ ❈×ØØ➙ áØâ➣â➩➙
ø➫â➫➭❉âØû↔➣➫➩ç ✁❤✂✄☎✆✝ Ù➓ ❯➐➑➞ Ñ➌➼ ➽➾➚➚Ò➪➌
➼Ó➌ ÷➦➑➞➜➓ ➍➌Ô➌ í ÷➞➝➑➞❑➓ ➶➌❐➌ ➍➢➎➟➟➑➮➒➎➞➑➡➐ ➡➥ ➧➎➟➵ ➎➟ ➎ ➦➬➢➞➑➴➟➦➎➢➢➴➐➬➒➢➝➡➢➎➏➴➱✃❐
➽➟➐➡➱✃❐➪ ➜➡➟➞ ➧➝➐➝ ➎➐➤ ➎ ➦➝➦ä➝➏ ➡➥ ➞➜➝ ➵✞➴➞➝➏➦➑➐➎➢ ➡➢➑➧➡➠Ö➏➑➦➑➤➑➐➝ ➧➝➐➝ ➥➎➦➑➢Ö
➏➝Õ➝➎➢➟ ➒➡➦➦➡➐ ➥➝➎➞➬➏➝➟ ➡➥ ➟➐➡➱✃❐ ➜➡➟➞ ➧➝➐➝➟➌ ▼â↕➙ ❈→↕↕➙ ø➫â↕➙ ÏÛ➓ ➻Ó➸Ò➺➻➸➚➸
➽➋➸➸Ó➪➌
➼➸➌ ò➬➐❑➎➑➐➓ ÷➌ →➣ ↔↕➙ ➍❐➱Ôô✃➓ ➎ ➜➬➦➎➐ ➟➬➠➝➏ ➝➐➜➎➐➒➝➏➴➎➟➟➡➒➑➎➞➝➤ ➢➡➐➧ ➐➡➐➒➡➤➑➐➧
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❈↔Øö➫â↕➙ Û➳➓ ➸Ó➺➋➋➾ ➽➾➚➋➵➪➌
Ñ➚➌ ✃➑➟➟➎➐➓ ❐➌ →➣ ↔↕➙ ➍➡➢➡➐ ➒➎➐➒➝➏ ➎➟➟➡➒➑➎➞➝➤ ➞➏➎➐➟➒➏➑➠➞➴➋õ ➎ ➐➡Õ➝➢ ➱✃❐ ➝Ý➠➏➝➟➟➝➤ ➑➐
➦➎➢➑➧➐➎➐➞ ➎➐➤ ➠➏➝➴➦➎➢➑➧➐➎➐➞ ➜➬➦➎➐ ➞➑➟➟➬➝➟➌ ■➭➣➙ ❏➙ ❈↔➭➩→Ø Ï➯➲➓ ➋➵➸Ó➺➋➻➚➻
➽➾➚➋➾➪➌
Ñ➋➌ ➔➝➏➞➝➎➓ Ô➌ →➣ ↔↕➙ ÷➞➏➑➐➧➛➑➝ ➝➐➎ä➢➝➟ ➑➦➠➏➡Õ➝➤ ➏➝➒➡➐➟➞➏➬➒➞➑➡➐ ➡➥ ➎ ➞➏➎➐➟➒➏➑➠➞➡➦➝ ➥➏➡➦
➱✃❐➴➟➝Þ ➏➝➎➤➟➌ ❮↔➣➙ ø➫â➣→➩ù➭â↕➙ ➯➯➓ ➾➸➚➺➾➸➵ ➽➾➚➋➵➪➌
Ñ➾➌ Ô➎➏Þ➬➝➟➓ ❐➌➍➌ →➣ ↔↕➙ ➍➜➏➡➦➎➞➑➐ ➟➑➧➐➎➞➬➏➝➟ ➎➞ ➞➏➎➐➟➒➏➑➠➞➑➡➐➎➢ ➟➞➎➏➞ ➟➑➞➝➟ ➟➝➠➎➏➎➞➝ ➞➷➡
➝Þ➬➎➢➢Ö ➠➡➠➬➢➎➞➝➤ Ö➝➞ ➤➑➟➞➑➐➒➞ ➒➢➎➟➟➝➟ ➡➥ ➑➐➞➝➏➧➝➐➑➒ ➢➡➐➧ ➐➡➐➒➡➤➑➐➧ ➱✃❐➟➌ æ→➭âû→
ø➫â↕➙ ÏÙ➓ ➱➋➼➋ ➽➾➚➋➼➪➌
Ñ➼➌ ì➝➢➞➝➏➓ Ü➌ →➣ ↔↕➙ ➛➜➝ ✃➹➘➱å ➘ì❐÷ ➍➎➞➎➢➡➧➓ ➎ ➒➬➏➎➞➝➤ ➏➝➟➡➬➏➒➝ ➡➥ ÷✃➔➴➞➏➎➑➞
➎➟➟➡➒➑➎➞➑➡➐➟➌ ❮×➩↕→➫➩ ❰➩➫öç ❒→ç➙ Ùê➓ Ü➋➚➚➋➺Ü➋➚➚➻ ➽➾➚➋Ñ➪➌
ÑÑ➌ ❐➏à➑➐➧➓ Ü➌ô➌ →➣ ↔↕➙ ➘➝➐➝➞➑➒ ➎➟➟➡➒➑➎➞➑➡➐ ➟➞➬➤Ö ➡➥ ◗➛ ➑➐➞➝➏Õ➎➢ ➜➑➧➜➢➑➧➜➞➟ ➏➡➢➝ ➥➡➏ ➒➎➢➒➑➬➦
➟➑➧➐➎➢➑➐➧ ➠➎➞➜➷➎Ö➟ ➑➐ ➦Ö➡➒➎➏➤➑➎➢ ➏➝➠➡➢➎➏➑❑➎➞➑➡➐➌ ❮↔➣➙ æ→➭→➣➙ ÙÐ➓ Ó➾➻➺Ó➼➻
➽➾➚➋Ñ➪➌
Ñ➵➌ ❐➢➎➦➓ ➛➌ →➣ ↔↕➙ ➔➏➡➦➡➞➝➏ ➎➐➎➢Ö➟➑➟ ➏➝Õ➝➎➢➟ ➧➢➡ä➎➢➢Ö ➤➑➥➥➝➏➝➐➞➑➎➢ ➏➝➧➬➢➎➞➑➡➐ ➡➥ ➜➬➦➎➐
➢➡➐➧ ➐➡➐➴➒➡➤➑➐➧ ➱✃❐ ➎➐➤ ➠➏➡➞➝➑➐➴➒➡➤➑➐➧ ➧➝➐➝➟➌ áîâ➨ ❖➭→ ➳➓ ➝➋➚➸ÑÑ➼ ➽➾➚➋Ñ➪➌
Ñ➻➌ Ô➝➢✟➓ Ô➌ →➣ ↔↕➙ ➍➜➏➡➦➎➞➑➐ ➝➐Õ➑➏➡➐➦➝➐➞➓ ➞➏➎➐➟➒➏➑➠➞➑➡➐➎➢ ➏➝➧➬➢➎➞➑➡➐➓ ➎➐➤ ➟➠➢➑➒➑➐➧
➤➑➟➞➑➐➧➬➑➟➜ ➢➑➐➒➱✃❐➟ ➎➐➤ ➦➱✃❐➟➌ æ→➭âû→ ❒→ç➙ êã➓ ➾Ò➺➼Ò ➽➾➚➋Ò➪➌
ÑÒ➌ Ô➎➒à➡➷➑➎à➓ ÷➌Ü➌ →➣ ↔↕➙ ôÝ➞➝➐➟➑Õ➝ ➑➤➝➐➞➑➮➒➎➞➑➡➐ ➎➐➤ ➎➐➎➢Ö➟➑➟ ➡➥ ➒➡➐➟➝➏Õ➝➤ ➟➦➎➢➢
ò➱❋➟ ➑➐ ➎➐➑➦➎➢➟➌ æ→➭âû→ ø➫â↕➙ ÏÐ➓ ➋Ò➸ ➽➾➚➋➵➪➌
ÑÓ➌ ü➎❑❑➑➐➑➓ ❐➌❐➌ →➣ ↔↕➙ å➤➝➐➞➑➮➒➎➞➑➡➐ ➡➥ ➟➦➎➢➢ ò➱❋➟ ➑➐ Õ➝➏➞➝ä➏➎➞➝➟ ➬➟➑➐➧ ➏➑ä➡➟➡➦➝
➥➡➡➞➠➏➑➐➞➑➐➧ ➎➐➤ ➝Õ➡➢➬➞➑➡➐➎➏Ö ➒➡➐➟➝➏Õ➎➞➑➡➐➌ ❊▼ø❖ ❏➙ ➯➯➓ ➸Ó➋➺➸➸➼ ➽➾➚➋Ñ➪➌
Ñ➸➌ ì➎➐➧➓ ý➌ →➣ ↔↕➙ ➍➔❐➛õ ➍➡➤➑➐➧➴➔➡➞➝➐➞➑➎➢ ❐➟➟➝➟➟➦➝➐➞ ➛➡➡➢ ➬➟➑➐➧ ➎➐ ➎➢➑➧➐➦➝➐➞➴➥➏➝➝
➢➡➧➑➟➞➑➒ ➏➝➧➏➝➟➟➑➡➐ ➦➡➤➝➢➌ ❮×➩↕→➫➩ ❰➩➫öç ❒→ç➙ ÙÏ➓ ➝ÒÑ ➽➾➚➋➼➪➌
➵➚➌ ý➑➐➓ Ô➌❋➌➓ ➶➬➐➧➏➝➑➟➓ å➌ í ï➝➢➢➑➟➓ Ô➌ ➔➜Ö➢➡➍÷❋õ ➎ ➒➡➦➠➎➏➎➞➑Õ➝ ➧➝➐➡➦➑➒➟ ➦➝➞➜➡➤ ➞➡
➤➑➟➞➑➐➧➬➑➟➜ ➠➏➡➞➝➑➐ ➒➡➤➑➐➧ ➎➐➤ ➐➡➐➴➒➡➤➑➐➧ ➏➝➧➑➡➐➟➌ ø➫â➫➭❉âØû↔➣➫➩ç êã➓ ➑➾Ò➵➺➑➾Ó➾
➽➾➚➋➋➪➌
➵➋➌ ÷➎➬Õ➎➧➝➎➬➓ Ô➌ →➣ ↔↕➙ Ô➬➢➞➑➠➢➝ à➐➡➒à➡➬➞ ➦➡➬➟➝ ➦➡➤➝➢➟ ➏➝Õ➝➎➢ ➢➑➐➒➱✃❐➟ ➎➏➝ ➏➝Þ➬➑➏➝➤
➥➡➏ ➢➑➥➝ ➎➐➤ ä➏➎➑➐ ➤➝Õ➝➢➡➠➦➝➐➞➌ →î➫❉→ ê➓ ➝➚➋ÒÑ➸ ➽➾➚➋➼➪➌
➵➾➌ ì➎➐➓ ❳➌ →➣ ↔↕➙ å➤➝➐➞➑➮➒➎➞➑➡➐ ➡➥ ➎➐➤➏➡➧➝➐➴➏➝➟➠➡➐➟➑Õ➝ ➢➐➒➱✃❐➟ ➎➟ ➤➑➎➧➐➡➟➞➑➒ ➎➐➤
➠➏➡➧➐➡➟➞➑➒ ➦➎➏à➝➏➟ ➥➡➏ ➠➏➡➟➞➎➞➝ ➒➎➐➒➝➏➌ ❖➭➩â➣↔Ø✠→➣ ã➓ ➻➚➵➚➼➺➻➚➵➋Ó ➽➾➚➋➻➪➌
➵➼➌ ý➝➞➬➐➑➒➓ å➌➓ Ü➡➝➏à➟➓ ➛➌ í ü➡➏à➓ ➔➌ ÷Ô❐➱➛õ ➏➝➒➝➐➞ ➬➠➤➎➞➝➟➓ ➐➝➷ ➤➝Õ➝➢➡➠➦➝➐➞➟ ➎➐➤
➟➞➎➞➬➟ ➑➐ ➾➚➋➵➌ ❮×➩↕→➫➩ ❰➩➫öç ❒→ç➙ Ù➯➓ Ü➾➵Ò➺Ü➾➻➚ ➽➾➚➋➵➪➌
II. High-throughput annotation of lncRNAs with CLS 85
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❧✘✜✛✢✛✯ ✬✛✖✬✢✛✢✤✘✣✚✫ ❚✥✖ q✩✢❧✘✤✯ ✢✚✕ ❧✖✚✙✤✥ ✣✭ ✣✜✤✢✘✚✖✕ ❧✘✜✛✢✛✘✖✗ ✇✖✛✖ ✈✖✛✘✭✘✖✕
✇✘✤✥ ❇✘✣✢✚✢❧✯③✖✛ ✢✚✕ ➊✩✜✘✤✫
❲✖ ✮✥✖✮❦✖✕ ✤✥✖ ✖✭✭✘✮✘✖✚✮✯ ✣✭ ✗✘③✖ ✗✖❧✖✮✤✘✣✚ ✈✘✢ ✢✚✢❧✯✗✘✗ ✣✭ ✗✬✘❦✖✲✘✚ ✗✖q✩✖✚✮✖✗
✹✿❀❁❁❂❡❃❡♥❄❛r② ❅✐❣✳ ❏☛✻✫ ❋✣✛ ✖✢✮✥ ✗✘③✖✲✗✖❧✖✮✤✖✕ ✮✢✬✤✩✛✖✕ ❧✘✜✛✢✛✯✱ ✢✚✕ ✭✣✛
✬✛✖✲✮✢✬✤✩✛✖ ❧✘✜✛✢✛✘✖✗✱ ✇✖ ✮✢❧✮✩❧✢✤✖✕ ✤✥✖ ✗✖q✩✖✚✮✘✚✙ ✖✭✭✘✮✘✖✚✮✯ ✢✗ ✢ ✭✩✚✮✤✘✣✚ ✣✭
✗✬✘❦✖✲✘✚ ✗✖q✩✖✚✮✖ ❧✖✚✙✤✥✫ ❙✖q✩✖✚✮✘✚✙ ✖✭✭✘✮✘✖✚✮✯ ✇✢✗ ✕✖✭✘✚✖✕ ✭✣✛ ✖✢✮✥ ✗✬✘❦✖✲
✘✚ ✗✖q✩✖✚✮✖ ✢✗ ✭✣❧❧✣✇✗❸ ✹✚✩✪✜✖✛ ✣✭ ✛✖✢✕✗✻✴✹✪✣❧✢✛ ✮✣✚✮✖✚✤✛✢✤✘✣✚ × ✗✖q✩✖✚✮✖
❧✖✚✙✤✥ × ✤✣✤✢❧ ✛✖✢✕ ✮✣✩✚✤✻✫ ❚✥✘✗ ✗✥✣✇✖✕ ✤✥✢✤✱ ✢✗ ✖①✬✖✮✤✖✕✱ ✗✘③✖ ✗✖❧✖✮✤✘✣✚ ✜✣✣✗✤✖✕
✤✥✖ ✗✖q✩✖✚✮✘✚✙ ✣✭ ❧✣✚✙✖✛ ✤✖✪✬❧✢✤✖✗✫
 ✑❝✁✍♦ ◗✍✓✒✑✒❾ ♣✒☞♣✑✒✑t✍♦✏✔ ❆✬✬✛✣①✘✪✢✤✖❧✯ ✷ ❻✙ ✣✭ ✖✢✮✥ ✣✭ ✤✥✖ ✗✘③✖✲✭✛✢✮✤✘✣✚✲
✢✤✖✕ ✢✚✕ ✢✪✬❧✘✭✘✖✕ ✦◆❆✗ ✇✢✗ ✩✗✖✕ ✭✣✛ ✖✢✮✥ ✣✭ ✤✥✖ ✥✩✪✢✚ ✢✚✕ ✪✣✩✗✖ ✬✣✣❧✗✱
✭✣✛ ✢ ✤✣✤✢❧ ✣✭ ➋ ✹✸ × ✷✻ ✕✘✗✤✘✚✮✤ ✗✢✪✬❧✖✗✫ ❙✘③✖✗ ✢✚✕ ✮✣✚✮✖✚✤✛✢✤✘✣✚✗ ✇✖✛✖ ✈✖✛✘✭✘✖✕
✜✯ ❇✘✣✢✚✢❧✯③✖✛✫ ❥✢✮❇✘✣ ❧✘✜✛✢✛✘✖✗ ✇✖✛✖ ✮✣✚✗✤✛✩✮✤✖✕ ✭✣✛ ✖✢✮✥ ✗✢✪✬❧✖ ✇✘✤✥ ❦✘✤
★✰★★✲✷➍★✲✰★★ ✹❥✢✮✘✭✘✮ ❇✘✣✗✮✘✖✚✮✖✗✻ ✢✗ ✬✖✛ ✤✥✖✪✢✚✩✭✢✮✤✩✛✖✛➆✗ ✬✛✣✤✣✮✣❧✫ ❇✛✘✖✭❧✯✱
✤✥✘✗ ✘✚✈✣❧✈✖✕ ✬✣❧✘✗✥✘✚✙ ✤✥✖ ❥❈❘ ✢✪✬❧✘✮✣✚ ✖✚✕✗ ✤✣ ➅✜❧✩✚✤➆ ✤✥✖✪✱ ❧✘✙✢✤✘✚✙ ✤✥✖
❙▼❘❚✜✖❧❧ ✢✕✢✬✤✣✛✗✱ ✛✖✪✣✈✘✚✙ ❧✘✚✖✢✛ ✹✚✣✚❧✘✙✢✤✖✕✻ ✭✛✢✙✪✖✚✤✗ ✣✭ ✦◆❆✱ ✢✚✕ ✮✢✛✲
✛✯✘✚✙ ✣✩✤ ❆▼❥✩✛✖ ✜✖✢✕ ✬✩✛✘✭✘✮✢✤✘✣✚ ✭✣❧❧✣✇✖✕ ✜✯ ❇✘✣✢✚✢❧✯③✖✛ ✢✚✢❧✯✗✘✗ ✤✣ ✢✗✗✖✗✗
✤✥✖ ✗✘③✖ ✕✘✗✤✛✘✜✩✤✘✣✚ ✢✚✕ ➊✩✜✘✤ q✩✢✚✤✘✭✘✮✢✤✘✣✚✗✫
 ✑❝✁✍♦ ✌☞➐✉☞✏❝✍✏✎ ✑✏➏ ❝♦◗◗☞❝t✍♦✏ ♦❢ ♣♦✌t✲❝✑♣t✉✒☞ ➏✑t✑✔ ❲✖ ✛✢✚ ✖✢✮✥ ✣✭ ✤✥✖
❥✢✮❇✘✣ ❧✘✜✛✢✛✘✖✗ ✣✚ ✢✚ ✘✚✘✤✘✢❧ ❙▼❘❚ ✮✖❧❧ ✤✣ ✢✗✗✖✗✗ ✤✥✖✘✛ ✛✖✗✬✖✮✤✘✈✖ ✬✖✛✭✣✛✪✢✚✮✖
✢✚✕ ✣✬✤✘✪✢❧ ✗✖q✩✖✚✮✘✚✙ ✮✣✚✮✖✚✤✛✢✤✘✣✚✫ ❚✥✣✗✖ ✤✥✢✤ ✬✖✛✭✣✛✪✖✕ ✇✖❧❧ ✇✖✛✖ ✤✥✖✚
✗✮✢❧✖✕ ✩✬ ✤✣ ✢✚ ✢✕✕✘✤✘✣✚✢❧ ✷★ ❙▼❘❚ ✮✖❧❧✗ ✭✣✛ ✕✖✖✬ ✕✢✤✢ ✮✣❧❧✖✮✤✘✣✚✫ ❚✥✖ ❥✢✮❇✘✣
✛✖✢✙✖✚✤✗ ✢✚✕✪✖✤✛✘✮✗ ✩✗✖✕ ✭✣✛ ✖✢✮✥ ✗✢✪✬❧✖ ✢✛✖ ❧✘✗✤✖✕ ✘✚ ✿❀❁❁❂❡❃❡♥❄❛r② ❭❛❜❂❡ ✽✫
❚✥✖ ✗✖q✩✖✚✮✘✚✙✇✢✗ ✬✖✛✭✣✛✪✖✕ ✣✚ ✢ ❥✢✮❇✘✣ ❘❙■■ ✘✚✗✤✛✩✪✖✚✤✫ ❺✬✣✚ ✮✣✪✬❧✖✤✘✣✚
✣✭ ✤✥✖ ✗✖q✩✖✚✮✘✚✙✱ ❙▼❘❚ ✮✖❧❧✗ ✭✛✣✪ ✢ ✙✘✈✖✚ ❧✘✜✛✢✛✯ ✇✖✛✖ ✢✙✙✛✖✙✢✤✖✕ ✣✚ ❙▼❘❚
❥✣✛✤✢❧✱ ✢✚✕ ✤✥✖ ❥✢✮❇✘✣ ✬✣✗✤✲✬✛✣✮✖✗✗✘✚✙✪✖✤✥✣✕ ➇❘❙➎❘✖✢✕✗❖✭■✚✗✖✛✤✫✰➈ ✇✢✗ ✛✩✚
✣✚ ✖✢✮✥ ✢✙✙✛✖✙✢✤✖✕ ✗✢✪✬❧✖ ✤✣ ✙✖✚✖✛✢✤✖ ❘❖■✗ ✭✣✛ ✕✣✇✚✗✤✛✖✢✪ ✬✛✣✮✖✗✗✘✚✙✫ ❚✥✘✗
✯✘✖❧✕✖✕ ✢ ✗✘✚✙❧✖ ❋❆❙❚➊ ✭✘❧✖ ✬✖✛ ❧✘✜✛✢✛✯✫
❍✐✿❡q s❡q❀❡♥➉✐♥❣ ⑨❢ ➉❛❁❄❀r❡☛ ➉➁◆❆✳ ❥✣✗✤✲✮✢✬✤✩✛✖ ■❧❧✩✪✘✚✢ ✮✦◆❆ ❧✘✜✛✢✛✘✖✗
✇✖✛✖ ✗✖q✩✖✚✮✖✕ ✣✚ ✢ ❍✘❙✖q ✷➍★★ ✪✢✮✥✘✚✖ ✹✷ × ✰✷➍ ✚✤✱ ✈❩✱ ✥✘✙✥✲✣✩✤✬✩✤ ✪✣✕✖✻✫
❖✚✖ ✗✖q✩✖✚✮✘✚✙ ❧✢✚✖ ✇✢✗ ✙✖✚✖✛✢✤✖✕ ✬✖✛ ✗✬✖✮✘✖✗ ✢✤ ✢ ✕✖✬✤✥ ✣✭ ⑦✷✰✷ ✪✘❧❧✘✣✚
✹✥✩✪✢✚✻ ✣✛ ⑦✰➍➋ ✪✘❧❧✘✣✚ ✹✪✣✩✗✖✻ ✬✢✘✛✗ ✣✭ ✛✖✢✕✗✫ ❘✖✢✕ ✬✢✘✛✗ ✇✖✛✖ ✕✖✪✩❧✤✘✲
✬❧✖①✖✕ ✇✘✤✥ ■❧❧✩✪✘✚✢ ✗✣✭✤✇✢✛✖✫ ◆✣✤✖ ✤✥✢✤ ✤✥✖✗✖ ❧✘✜✛✢✛✘✖✗ ✇✖✛✖ ✩✚✗✤✛✢✚✕✖✕ ✢✚✕
❈✣✈✢✛✘✗✲✭✛✢✙✪✖✚✤✖✕ ✜✖✭✣✛✖ ✮✢✬✤✩✛✖✫
➁❡❃❀❂❄✐❁❂❡①✐♥❣ ⑨❢ ❘❖■s ❛➉➉⑨r☛✐♥❣ ❄⑨ s❛❃❁❂❡ ❜❛r➉⑨☛❡s✳ ❆✗ ✬✛✖✈✘✣✩✗❧✯ ✪✖✚✲
✤✘✣✚✖✕✱ ❥✢✮❇✘✣ ✛✖✢✕✗ ✮✣✚✤✢✘✚✖✕ ■❧❧✩✪✘✚✢ ❚✛✩✗✖q ✢✕✢✬✤✣✛✗✱ ✩✚✘✈✖✛✗✢❧ ✹➍❳ ✚✤✻
✢✚✕ ✘✚✕✖①✖✕ ✹➋➍ ✚✤✻✱ ✤✥✢✤ ✭❧✢✚❦✖✕ ✤✢✛✙✖✤✖✕ ✮✦◆❆✗ ✹✿❀❁❁❂❡❃❡♥❄❛r② ❅✐❣✳ ➅➉✻✫
❚✣ ✕✖✪✩❧✤✘✬❧✖① ✗✢✪✬❧✖✗ ✹✘✫✖✫✱ ✤✣ ✕✖✤✖✛✪✘✚✖ ✤✥✖ ✤✘✗✗✩✖ ✣✭ ✣✛✘✙✘✚ ✣✭ ✖✢✮✥ ❘❖■✻✱
✭✣✛ ✖✢✮✥ ✢✕✢✬✤✣✛ ✇✖ ✗✖❧✖✮✤✖✕ ✘✤✗ ✪✘✕✕❧✖ ✷➋ ✚✤✫ ❊✢✮✥ ✣✭ ✤✥✖ ✷➋✲✪✖✛✗ ✕✖✛✘✈✖✕
✭✛✣✪ ✤✥✖ ✘✚✕✖①✖✕ ✢✕✢✬✤✣✛✗ ✮✣✚✤✢✘✚✖✕ ✤✥✖ ✥✖①✢✪✖✛ ✜✢✛✮✣✕✖ ✘✚ ✤✥✖ ✮✖✚✤✖✛✫ ❲✖
✩✗✖✕ ✤✥✖ ●❊▼✪✢✬✬✖✛
❯❯
✤✣ ✕✖✪✩❧✤✘✬❧✖① ✗✢✪✬❧✖✗✫ ❥✢✮❇✘✣ ✛✖✢✕✗ ✇✖✛✖ ✮✣✪✬✘❧✖✕
✘✚✤✣ ✢ ❋❆❙❚❆ ✭✘❧✖ ✹✣✚✖ ✭✘❧✖ ✬✖✛ ✗✬✖✮✘✖✗✻ ✢✚✕ ✘✚✕✖①✖✕ ✜✯ ●❊▼✫ ▼✢✬✬✘✚✙ ✤✥✖
✪✘✕✕❧✖ ✷➋✲✪✖✛ ✣✭ ✘✚✕✖①✖✕ ✢✕✢✬✤✣✛✗ ✤✣ ✤✥✖ ❥✢✮❇✘✣ ✛✖✢✕ ✢❧❧✣✇✖✕ ✩✗ ✤✣ ✢✗✗✘✙✚ ✘✤
✤✣ ✘✤✗ ✤✘✗✗✩✖ ✣✭ ✣✛✘✙✘✚✫ ❚✥✖ ✢✕✕✘✤✘✣✚✢❧ ✬✛✖✗✖✚✮✖ ✣✭ ✤✥✖ ✩✚✘✈✖✛✗✢❧ ✢✕✢✬✤✣✛ ✇✘✤✥✘✚
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Towards a complete map of the human long
non-coding RNA transcriptome
Uszczynska-Ratajczak B, Lagarde J, Frankish A, Guigó R, Johnson R. Towards a com-
plete map of the human long non-coding RNA transcriptome. Nature Reviews Genetics
2018 Sep; 19(9):535-548.
URL: https://doi.org/10.1038/s41576-018-0017-y
Abstract:
Gene maps, or annotations, enable us to navigate the functional landscape of our genome.
They are a resource upon which virtually all studies depend, from single-gene to genome-
wide scales and from basic molecular biology to medical genetics. Yet present-day annota-
tions suffer from trade-offs between quality and size, with serious but often unappreciated
consequences for downstream studies. This is particularly true for long non-coding RNAs
(lncRNAs), which are poorly characterized compared to protein-coding genes. Long-read se-
quencing technologies promise to improve current annotations, paving the way towards a
complete annotation of lncRNAs expressed throughout a human lifetime.
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✆♦❞✐✁✂ ✄❡✂✐♦✁s ✆♦♠♣✄✐s❡ ❛ ✄✐✆☎ ❞✐✈❡✄s✐t② ♦  ✄❡✂✉❧❛t♦✄②
❛✁❞  ✉✁✆t✐♦✁❛❧ ✉✁✐ts♥ ❛♠♦✁✂st t☎❡ ♠♦st ✁✉♠❡✄♦✉s ♦ 
✇☎✐✆☎ ❛✄❡ ❧♦✆✐ ❡✁✆♦❞✐✁✂ ✡☛☞✌ ☞☛☞✍❝☛✎✏☞✌ ✑✒✓✔ ✥❧✁✆✕
✲
◆❆s✮
✷
✳ ◆❡✟t✲✂❡✁❡✄❛t✐♦✁ s❡q✉❡✁✆✐✁✂ ☎❛s ✐❞❡✁t✐ ✐❡❞ t❡✁s
♦  t☎♦✉s❛✁❞s ♦  ❧✁✆✕◆❆ ❧♦✆✐♥  ✄♦♠ s✐✁✂❧❡✲✆❡❧❧❡❞ ❡✉❦❛✄✲
②♦t❡s t♦ ☎✉♠❛✁s
✸
✳ ✠☎❡ s❡q✉❡✁✆❡s ♦  ❧✁✆✕◆❆s ❛✄❡ ✉✁❞❡✄
♣✉✄✐ ②✐✁✂ ❡✈♦❧✉t✐♦✁❛✄② s❡❧❡✆t✐♦✁
✹✱✺
♥ ❛✁❞ ❛ s✉❢st❛✁t✐❛❧
 ✄❛✆t✐♦✁ ②✐❡❧❞ ✆❧❡❛✄ ♣☎❡✁♦t②♣✐✆ ❡  ❡✆ts ✐✁ ❢♦t☎ ✐✁ ✈✐t✄♦
❛✁❞ ✐✁ ✈✐✈♦ ❧♦ss ♦   ✉✁✆t✐♦✁ st✉❞✐❡s
✻➊✶✖
✳ ✗✄♦✇✐✁✂ ✁✉♠✲
❢❡✄s ♦  ❧✁✆✕◆❆s ☎❛✈❡ ❢❡❡✁ ❧✐✁❦❡❞ t♦ ☎✉♠❛✁ ❞✐s❡❛s❡s
✶✶
✳
❍♦✇❡✈❡✄♥ t☎❡✐✄  ✉✁✆t✐♦✁❛❧✐t② ✄❡♠❛✐✁s ✆♦✁t❡✁t✐♦✉s
✶✷
♥ ❛✁❞
t☎❡ ✁✉♠❢❡✄ ♦  ❡✟♣❡✄✐♠❡✁t❛❧❧② ✆☎❛✄❛✆t❡✄✐✘❡❞ ♦✄ ❞✐s❡❛s❡✲
❛ss♦✆✐❛t❡❞ ❧✁✆✕◆❆s ❧✐❡s ✐✁ t☎❡ ☎✉✁❞✄❡❞s♥ ♦✄ ✣✙✚ ♦ 
✐❞❡✁t✐ ✐❡❞ ❧♦✆✐
✶✸
✳
❈❧♦s✐✁✂ t☎✐s ✂✉❧  ❢❡t✇❡❡✁ ♠❛♣♣❡❞ ❛✁❞ ❡✟♣❡✄✐♠❡✁✲
t❛❧❧② ✈❛❧✐❞❛t❡❞ ❧✁✆✕◆❆s ☎❛s ♣✄♦♠♣t❡❞  ✉✁✆t✐♦✁❛❧ st✉❞✲
✐❡s ♦  ✂✄♦✇✐✁✂ s✆♦♣❡✳ ✠☎❡s❡ st✉❞✐❡s ☎❛✈❡ ❞❡♣❡✁❞❡❞
♦✁ t☎❡ ❞❡✈❡❧♦♣♠❡✁t ♦  t☎❡  ✉✁❞❛♠❡✁t❛❧ ✄❡s♦✉✄✆❡ ♦ 
❛✁✁♦t❛t✐♦✁s♥ ✇☎✐✆☎ ❞❡s✆✄✐❢❡ t☎❡ ✂❡✁♦♠✐✆ ❧♦✆❛t✐♦✁s♥
s❡q✉❡✁✆❡s ❛✁❞ ❡✟♦✁ st✄✉✆t✉✄❡ ♦  ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣ts✳
❆s t☎❡ ❢❛s✐s ♦  ♠✐✆✄♦❛✄✄❛② ❞❡s✐✂✁s♥ ❡❛✄❧② ❧✁✆✕◆❆
❛✁✁♦t❛t✐♦✁s ❡✁❛❢❧❡❞ ✄❡s❡❛✄✆☎❡✄s t♦ ♣❡✄ ♦✄♠ t☎❡  ✐✄st
✂❡✁❡✄❛t✐♦✁ ♦   ✉✁✆t✐♦✁❛❧ ✂❡✁♦♠✐✆s st✉❞✐❡s♥ ✐♠♣❧✐✆❛t✲
✐✁✂ ❧✁✆✕◆❆s ✐✁ ♣✄♦✆❡ss❡s ❛s ❞✐✈❡✄s❡ ❛s ❡♠❢✄②♦✁✐✆
st❡♠ ✆❡❧❧ ♣❧✉✄✐♣♦t❡✁✆②
✶✹
♥ ✄❡♣✄♦✂✄❛♠♠✐✁✂
✶✺
♥ t✉♠♦✉✄
s✉♣♣✄❡ss✐♦✁
✶✻
♥ ✁❡✉✄♦✁❛❧ ❞✐  ❡✄❡✁t✐❛t✐♦✁
✶✛
❛✁❞ ✆❛✄❞✐❛✆
❞✐  ❡✄❡✁t✐❛t✐♦✁
✶✽
✳ ✜♦✄❡ ✄❡✆❡✁t❧②♥ ❧❛✄✂❡✲s✆❛❧❡  ✉✁✆t✐♦✁❛❧
s✆✄❡❡✁s ❢❛s❡❞ ♦✁ t☎❡ ❈✕✢✤P✕✦❈❛s s②st❡♠ ☎❛✈❡ ❢❡❡✁
❛♣♣❧✐❡❞ t♦ ☎✉✁❞✄❡❞s ♦✄ t☎♦✉s❛✁❞s ♦  ❧✁✆✕◆❆s ✐✁ ❛
s✐✁✂❧❡ ❡✟♣❡✄✐♠❡✁t
✶✧
✳
✤❡✈❡✄❛❧ ❞✐  ❡✄❡✁t ❛✁✁♦t❛t✐♦✁s ❡✟✐st  ♦✄ t☎❡ ☎✉♠❛✁
✂❡✁♦♠❡ ✭★✩❇✪✫ ✬✯
♥ ❡❛✆☎ ✇✐t☎ ❛❞✈❛✁t❛✂❡s ❛✁❞ ❞✄❛✇❢❛✆❦s
t☎❛t ♠✐✂☎t ✁♦t ❢❡ ✐♠♠❡❞✐❛t❡❧② ❡✈✐❞❡✁t✳ ✠☎❡② ❛✄❡ ❢❛s❡❞
♦✁ t✇♦ ♣✄✐✁✆✐♣❛❧ st✄❛t❡✂✐❡s ♦  ❛✉t♦♠❛t❡❞ ❛✁❞ ♠❛✁✉❛❧
✰☞☞☛✴✰✴✏☛☞✳ ❆✉t♦♠❛t❡❞ ❛✁✁♦t❛t✐♦✁ t②♣✐✆❛❧❧② ❡♠♣❧♦②s
✴✵✰☞✔❝✵✏✼✴☛✾✿ ✰✔✔✿✾❀✡❁ ❛♣♣✄♦❛✆☎❡s t☎❛t ❛✄❡ ✄❛♣✐❞ ❛✁❞
✐✁❡✟♣❡✁s✐✈❡ ❢✉t ♣✄♦❞✉✆❡ ✐✁✆♦♠♣❧❡t❡ ❛✁❞ ✐✁❛✆✆✉✄❛t❡
❛✁✁♦t❛t✐♦✁s✳ ▼✰☞❂✰✡ ✰☞☞☛✴✰✴✏☛☞ ②✐❡❧❞s ☎✐✂☎
✲q✉❛❧✐t② ✆❛t❛✲
❧♦✂✉❡s ❢✉t ❛t s❧♦✇ ✄❛t❡s ❛✁❞ ✄❡q✉✐✄✐✁✂ s✉❢st❛✁t✐❛❧ ❧♦✁✂✲
t❡✄♠ ❡✆♦✁♦♠✐✆ s✉♣♣♦✄t✳ ❃♦t☎ ❛♣♣✄♦❛✆☎❡s s✉  ❡✄  ✄♦♠ ❛
✈❛✄✐❡t② ♦  ❞❡ ✐✆✐❡✁✆✐❡s t☎❛t ❛✄❡ ✐♠♣♦✄t❛✁t  ♦✄ ❡✁❞ ✉s❡✄s
t♦ ✉✁❞❡✄st❛✁❞✳
✕❡✆❡✁t t❡✆☎✁✐✆❛❧ ❞❡✈❡❧♦♣♠❡✁ts ♣✄♦♠✐s❡ t♦ ✄❡✈♦❧✉✲
t✐♦✁✐✘❡ ❛✁✁♦t❛t✐♦✁♠❡t☎♦❞s✳ ✠☎✐✄❞✲✂❡✁❡✄❛t✐♦✁ s❡q✉❡✁✆✲
✐✁✂ t❡✆☎✁♦❧♦✂✐❡s ❛✄❡ ✆❛♣❛❢❧❡ ♦  ✄❡❛❞✐✁✂ ❡✁t✐✄❡ ✕◆❆ ♦✄
✆✝◆❆ ♠♦❧❡✆✉❧❡s✳ ❈♦♠❢✐✁❡❞ ✇✐t☎ ♠❡t☎♦❞s t♦ ✆❛♣t✉✄❡
❞❡s✐✄❡❞ t✄❛✁s✆✄✐♣ts♥ t☎✐✄❞✲✂❡✁❡✄❛t✐♦✁ s❡q✉❡✁✆✐✁✂ ♣✄♦♠✲
✐s❡s t♦ ❡✟t❡✁❞ ❛✁❞ ✐♠♣✄♦✈❡ ❡✟✐st✐✁✂ ❧✁✆✕◆❆ ❛✁✁♦t❛✲
t✐♦✁s ✄❛♣✐❞❧② ❛✁❞ ✆♦st✲❡  ❡✆t✐✈❡❧②✳ ✠☎❡s❡ ❛❞✈❛✁✆❡s ♠❛❦❡
✐t  ❡❛s✐❢❧❡ t♦ ❡✁✈✐s❛✂❡ t☎❡ ❡✈❡✁t✉❛❧ ✆♦♠♣❧❡t❡ ❛✁✁♦t❛t✐♦✁
♦  t☎❡ ✂❡✁♦♠❡♥ ✇☎❡✄❡❢② t☎❡ ❡✁t✐✄❡t② ♦  ❢✐♦❧♦✂✐✆❛❧❧② ✄❡❧✲
❡✈❛✁t ✂❡✁❡s♥ t✄❛✁s✆✄✐♣ts ❛✁❞ ❡✟♦✁s ✐s ✆❛t❛❧♦✂✉❡❞ ✐✁ ❛❧❧
✆❡❧❧ t②♣❡s t☎✄♦✉✂☎♦✉t t☎❡ ☎✉♠❛✁ ❧✐ ❡s♣❛✁✳ ❆ ❦❡② s✉❢✲
s✐❞✐❛✄② ❛✐♠ ✇✐❧❧ ❢❡ t♦ ❞❡ ✐✁❡ ✇☎❛t t☎✄❡s☎♦❧❞ ✆♦✁st✐t✉t❡s
❢✐♦❧♦✂✐✆❛❧ ✄❡❧❡✈❛✁✆❡ ❛✁❞ ☎❡✁✆❡ ✇☎❡t☎❡✄ ❡✟♣✄❡ss✐♦✁
✥♦✄ ♦t☎❡✄✮ t☎✄❡s☎♦❧❞s s☎♦✉❧❞ ❢❡ ✉s❡❞  ♦✄ ✐✁✆❧✉s✐♦✁ ✐✁
 ✐✁❛❧ ❛✁✁♦t❛t✐♦✁s
✷✖
✳
✠☎✐s ✕❡✈✐❡✇ ☎❛s t✇♦ ♠❛✐✁ ♦❢❥❡✆t✐✈❡s✳ ✠☎❡  ✐✄st ✐s
t♦ ♣✄♦✈✐❞❡ ❛✁ ♦✈❡✄✈✐❡✇ ♦  t☎❡ ✆✉✄✄❡✁t st❛t❡ ♦  ❧✁✆✕◆❆
❛✁✁♦t❛t✐♦✁s❄ ☎♦✇ t☎❡② ❛✄❡ ✆✄❡❛t❡❞♥ ☎♦✇ ✂♦♦❞ t☎❡② ❛✄❡♥
❢❡st ♣✄❛✆t✐✆❡ ✐✁ t☎❡✐✄ ✉s❡♥ ❛✁❞ t☎❡ ❞❡✈❡❧♦♣♠❡✁t ♦  q✉❛✁✲
t✐t❛t✐✈❡ st❛✁❞❛✄❞s ❢② ✇☎✐✆☎ t☎❡② ♠✐✂☎t ❢❡ ❡✈❛❧✉❛t❡❞
❛✁❞ ✆♦♠♣❛✄❡❞✳ ✠☎❡ s❡✆♦✁❞ ✐s t♦ ❞✐s✆✉ss ☎♦✇ ❡♠❡✄✂✐✁✂
▲❅❉❊ ❉❅❉❋●❅■❏❉❊ ❑❖◗❘
❙❚❯❱❲❳❨❩❬❭ ❲❳❨
❪❫❴❯❩❱❫❵❜❪❩❣❤rr ❯①❱❚③④❪❵⑤③❩
❚④❯⑥ ❪⑦❴❪ ⑤④ ❯④❪ ③❯❱④⑤③ ❴❯⑧
❵⑤③❯❪❵⑨❵❴⑩❚③ ❜③❜❪❵⑤③ ❜❫④⑤①❱❪❭
❶❷❸❹❷❸❷ ❺❻❼❽❼❾❿❻➀❷➁➂❷➃❷➄❽❼❷➀
➅
➆ ➇➈➉➋➌❿ ➍❷➎❷❸➏➌
➐➑➒
➆ ➓➏❷➔ →❸❷❿➀➋❻➣
↔
➆ ➂↕➏➌❸➋❽ ➙➈➋➎➛
➐➑➒
❷❿➏ ➂↕❸❾ ➇↕➣❿❻↕❿
➜➑➝
➞
➟➠➡➢➤➥➦➢
➧
➨➩➫➩➭➥➯➡➲ ➳➤ ➥➫➫➳➢➥➢➵➳➫➡➲ ➩➫➥➠➸➩ ➺➡ ➢➳ ➫➥➻➵➼➥➢➩ ➢➽➩ ➾➺➫➦➢➵➳➫➥➸ ➸➥➫➚➡➦➥➯➩➳➾ ➳➺➤
➼➩➫➳➭➩➪ ➶➽➩➹ ➥➤➩ ➥ ➤➩➡➳➺➤➦➩ ➺➯➳➫➘➽➵➦➽ ➻➵➤➢➺➥➸➸➹ ➥➸➸ ➡➢➺➚➵➩➡ ➚➩➯➩➫➚➲ ➾➤➳➭➡➵➫➼➸➩➴➼➩➫➩ ➢➳
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✠☎✐✄❞♥ ❧✁✆✕◆❆s t❡✁❞ t♦ ❢❡ ✇❡❛❦❧② ✆♦✁s❡✄✈❡❞ ❞✉✄✐✁✂
❡✈♦❧✉t✐♦✁
✷✹✱✷✺
♥ ♠❛❦✐✁✂ ✐t ✆☎❛❧❧❡✁✂✐✁✂ t♦ ✐❞❡✁t✐ ② t☎❡✐✄
♦✄t☎♦❧♦✂✉❡s ♦✄ ♣❛✄❛❧♦✂✉❡s ❢② s❡q✉❡✁✆❡ s✐♠✐❧❛✄✐t②✳
❈♦✁s❡q✉❡✁t❧②♥ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁ ✄❡❧✐❡s ❛❧♠♦st ❡✁t✐✄❡❧②
♦✁ ♣☎②s✐✆❛❧ t✄❛✁s✆✄✐♣t♦♠✐✆ ❡✈✐❞❡✁✆❡✳
❚✬✔ ✢ ✧✕✑✏✜✘✓✔ ✕✖ ✜✓✓✒✑✜✏✔ ✜✘✘✕✏✜✏✢✕✘✣★ ✠☎❡  ✉✁❞❛✲
♠❡✁t❛❧ ✁❛t✉✄❡ ♦  ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s♠❡❛✁s t☎❛t ✉✁✆❡✄✲
t❛✐✁t✐❡s ♦✄ ✐✁❛✆✆✉✄❛✆✐❡s ✆❛✁ ☎❛✈❡ ❛ ♣✄♦ ♦✉✁❞ ✐♠♣❛✆t ♦✁
❞♦✇✁st✄❡❛♠ ♣✄♦❥❡✆ts✳ ✞♦✄ ❡✟❛♠♣❧❡♥ ❞✉✄✐✁✂ st✉❞✐❡s ♦✁
t☎❡ ❞❡✈❡❧♦♣✐✁✂ ❢❛t ✇✐✁✂♥ ✄❡s❡❛✄✆☎❡✄s ✉s❡❞ ♠✐✆✄♦❛✄✄❛②s
t♦ ✐❞❡✁t✐ ② ✇☎❛t s❡❡♠❡❞ t♦ ❢❡ ❛✁ ✐✁t❡✄✂❡✁✐✆ ❧✁✆✕◆❆
✉♣st✄❡❛♠ ♦  t☎❡ ✂❡✁❡ ❡✁✆♦❞✐✁✂ t☎❡ ❞❡✈❡❧♦♣♠❡✁t❛❧  ❛✆✲
t♦✄ ✜❡✐ss ✭❘✫✭✫
✷✻
✯✳ ❍♦✇❡✈❡✄♥ ✆❛✄❡ ✉❧ ❛✁❛❧②s✐s ✄❡✈❡❛❧❡❞
t☎❛t t☎❡ ✆✝◆❆ s❡q✉❡✁✆❡ ✉♣♦✁ ✇☎✐✆☎ t☎❡ ❛✁✁♦t❛t✐♦✁
☎❛❞ ❢❡❡✁ ❢❛s❡❞ ✇❛s ♠♦st ❧✐❦❡❧② ❛✁ ✐✁t❡✄✁❛❧❧② ♣✄✐♠❡❞
 ✄❛✂♠❡✁t ♦  t☎❡ ▼❡✁✂✄ ✥✤ ✉✁t✄❛✁s❧❛t❡❞ ✄❡✂✐♦✁ ✥♥✠✕✮
✷✻
✳
✤✐♠✐❧❛✄❧②♥ ❛✁ ❛✁✁♦t❛t❡❞ ❧✁✆✕◆❆ ✇☎♦s❡ ♦✄t☎♦❧♦✂✉❡ ✇❛s
❦✁♦✆❦❡❞ ♦✉t ✐✁ ♠♦✉s❡♥ ❑☎✆tr♥ ✇❛s ✐❞❡✁t✐ ✐❡❞ t☎✄♦✉✂☎
❛✁ ❛✁❛❧②s✐s ♦   ✉❧❧✲❧❡✁✂t☎ ✴✵✰☞✔❝✵✏✼✴ ✾☛✎✿✡✔  ✄♦♠ ❧♦✁✂
✲
✄❡❛❞ s❡q✉❡✁✆✐✁✂ t♦ ❢❡ ❛ ♣✄♦t❡✐✁✲✆♦❞✐✁✂ t✄❛✁s✆✄✐♣t ✇✐t☎
❛✁ s✕✞ ✐✁ ❛ ♣✄❡✈✐♦✉s❧② ✉✁❛✁✁♦t❛t❡❞ ❡✟♦✁
✧✱✷✛
✳ ✞✐✁❛❧❧②♥
✙✶s✲s❢s✕◆❆ ❆✞❆✝✞✟✟✟♥ ✇☎✐✆☎ ☎❛s ❢❡❡✁ ♣✄♦♣♦s❡❞ t♦
✄❡✂✉❧❛t❡ ♠✕◆❆s ✐✁ tr☎✆✂ t☎✄♦✉✂☎ ✤t❛✉ ❡✁ ❢✐✁❞✐✁✂♥ ❧✐❡s
✇✐t☎✐✁ t☎❡ ✠✤ ♥✠✕ ♦  t☎❡ ✡☛▼☞ ✂❡✁❡✳ ✠☎❡✄❡ ✐s ❧✐tt❧❡ ❡✈✐✲
❞❡✁✆❡ s✉♣♣♦✄t✐✁✂ ❆✞❆✝✞✟✟✟ ❛s ❛✁ ✐✁❞❡♣❡✁❞❡✁t t✄❛✁✲
s✆✄✐♣t♥ ❧❡❛✈✐✁✂ ✐t ✉✁✄❡s♦❧✈❡❞ ✇☎❡t☎❡✄ ✐t ✐s ❛ st❛✁❞❛❧♦✁❡
❧✁✆✕◆❆ ♦✄ ❛ ♠✐s❛✁✁♦t❛t❡❞♥✠✕  ✄❛✂♠❡✁t
✷✽
✳
❆♠♦✁✂st t☎❡ ♠♦st  ✄❡q✉❡✁t ✉s❡ ♦  ❧✁✆✕◆❆ ❛✁✁♦t❛✲
t✐♦✁s ✐s ❛s ❛ ✄❡ ❡✄❡✁✆❡  ♦✄ q✉❛✁t✐ ②✐✁✂ ❛✁❞ ✐❞❡✁t✐ ②✐✁✂
❞✐  ❡✄❡✁t✐❛❧❧② ❡✟♣✄❡ss❡❞ ✂❡✁❡s ❛✁❞ t✄❛✁s✆✄✐♣ts ✐✁ ✕◆❆✲
s❡q ❡✟♣❡✄✐♠❡✁ts✳ ✌✉❛✁t✐ ✐❡✄ ♣✄♦✂✄❛♠s♥ s✉✆☎ ❛s ✕✤✰✜
✷✧
♦✄ ✍❛❧❧✐st♦
✸✖
♥ t❛❦❡ ❛✁✁♦t❛t✐♦✁  ✐❧❡s ❛s ❛✁ ✐✁♣✉t t♦✂❡t☎❡✄
✇✐t☎ ♠❛♣♣❡❞ ✕◆❆✲s❡q ✄❡❛❞s ❛✁❞ ❛tt❡♠♣t t♦ ❡st✐♠❛t❡
❛❢✉✁❞❛✁✆❡s ♦  ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣ts✳ ✠☎✐s ✐s ❛ ✆☎❛❧❧❡✁✂✐✁✂
♣✄♦❢❧❡♠♥ ♣❛✄t✐✆✉❧❛✄❧②  ♦✄ ❧♦✇❧②✲❡✟♣✄❡ss❡❞ t✄❛✁s✆✄✐♣ts
✸✶
✳
✢✁❛✆✆✉✄❛✆✐❡s ♦✄ ♦♠✐ss✐♦✁s ✐✁ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ✇✐❧❧
♣✄♦♣❛✂❛t❡ t♦ t✄❛✁s✆✄✐♣t ❛❢✉✁❞❛✁✆❡ ❡st✐♠❛t❡s✳ ✞♦✄ ❡✟❛♠✲
♣❧❡♥ ❛✁ ❡✟✆❡ss✐✈❡❧② ❧♦✁✂ ✠✤ ❡✟♦✁ ❛✁✁♦t❛t✐♦✁ ✇✐❧❧ ❧❡❛❞ t♦
❛✄t✐ ✐✆✐❛❧❧② ❧♦✇ ❡✟♣✄❡ss✐♦✁ ❡st✐♠❛t❡s♥ ✂✐✈❡✁ t☎❛t♠❡❛s✉✄❡s
s✉✆☎ ❛s ✱✵✰✌✾✿☞✴✔ ✼✿✵ ❛✏✡☛❀✰✔✿ ✼✿✵ ✾✏✡✡✏☛☞ ✾✰✼✼✿✎ ✥
✞P✍✜✮
❛✄❡ s✆❛❧❡❞ t♦ t☎❡ ❛✁✁♦t❛t❡❞ ❧❡✁✂t☎ ♦  t✄❛✁s✆✄✐♣ts
✸✷
✳
❆✆✆✉✄❛t❡ ❡st✐♠❛t❡s ♦  ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣t✐♦✁ st❛✄t
s✐t❡s ✥✠✤✤s✮ ❛✄❡ ♦  ♣❛✄t✐✆✉❧❛✄ ✐♠♣♦✄t❛✁✆❡  ♦✄ st✉❞✐❡s
♦  ❧✁✆✕◆❆ ♣✄♦♠♦t❡✄s ♦✄ ❈✕✢✤P✕✦❈❛s s✆✄❡❡✁s♥ ✇☎✐✆☎
❞❡♣❡✁❞ ♦✁ t❛✄✂❡t✐✁✂ ❈❛s✟ ♠♦❧❡✆✉❧❡s t♦ ✂❡✁❡ ♣✄♦♠♦t✲
❡✄s
✻✱✶✧
✳ ✤✉✆☎ st✉❞✐❡s s☎♦✉❧❞ ♦✁❧② ❡✟❛♠✐✁❡ t✄❛✁s✆✄✐♣ts
✇✐t☎ ✆♦✁ ✐❞❡✁t ✥✤ ❡✁❞s♥ ✇☎✐✆☎♠❛② ❢❡ ❛✆☎✐❡✈❡❞ ❢② ✉s✐✁✂
✐✁❞❡♣❡✁❞❡✁t ❡✈✐❞❡✁✆❡ s✉✆☎ ❛s ❈❆✗✰ ❞❛t❛ t♦ ❡✟✆❧✉❞❡
✉✁✈❛❧✐❞❛t❡❞ ✠✤✤s
✷✛✱✸✸➊✸✺
✳
❃✐♦♠❡❞✐✆❛❧ ❛♣♣❧✐✆❛t✐♦✁s  ♦✄ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ❛✄❡
♦  ✂✄♦✇✐✁✂ ✐♠♣♦✄t❛✁✆❡✳ ✠☎❡ ✄❡✆❡✁t ❛✈❛✐❧❛❢✐❧✐t② ♦  ✆❛✁✆❡✄
✂❡✁♦♠❡s ☎❛s ❡✁❛❢❧❡❞ s❡❛✄✆☎❡s  ♦✄ ❞✄✐✈❡✄ ❧✁✆✕◆❆s♥ ✇☎♦s❡
♠✉t❛t✐♦✁s ❛✄❡ ♣♦s✐t✐✈❡❧② s❡❧❡✆t❡❞  ♦✄ ❞✉✄✐✁✂ t✉♠♦✄✐✂❡✁✲
❡s✐s
✸✻✱✸✛
✳ P✄❡❞✐✆t✐♦✁s ❛✄❡ ✆✄✐t✐✆❛❧❧② ❞❡♣❡✁❞❡✁t ♦✁ ❧✁✆✕◆❆
❛✁✁♦t❛t✐♦✁ q✉❛❧✐t②✳ ✤✐♠✐❧❛✄❧②♥ ❞✐❛✂✁♦st✐✆ s✆✄❡❡✁✐✁✂ ❛✁❞
✂❡✁♦♠❡✲✇✐❞❡ ❛ss♦✆✐❛t✐♦✁ st✉❞✐❡s ✥✗✉❆✤✮ ❞❡♣❡✁❞ ♦✁
♠❛❦✐✁✂ ❛✆✆✉✄❛t❡ ✐✁ ❡✄❡✁✆❡s ♦  t☎❡  ✉✁✆t✐♦✁❛❧ ✐♠♣❛✆t ♦ 
t✄❛✐t✲❛ss♦✆✐❛t❡❞ ♠✉t❛t✐♦✁s
✸✽
✳ ✤✉✆☎ ♠✉t❛t✐♦✁s ❛✄❡ ♦ t❡✁
❛ss✉♠❡❞ t♦ ❢❡ ✄❡✂✉❧❛t♦✄② ✇☎❡✁ t☎❡②  ❛❧❧ ♦✉ts✐❞❡ ❡✟♦✁✐✆
✄❡✂✐♦✁s✳ ✠✄✉✁✆❛t❡❞ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ✆♦✉❧❞ t☎❡✄❡ ♦✄❡
❧❡❛❞ t♦ t☎❡♠✐s✐✁t❡✄♣✄❡t❛t✐♦✁♦ ♠✉t❛t✐♦✁s t☎❛t ❛✆t✉❛❧❧②  ❛❧❧
✐✁s✐❞❡ ❛ ❧✁✆✕◆❆❡✟♦✁❛✁❞ ❛✆t t☎✄♦✉✂☎ t☎❡♠❛t✉✄❡ ❧✁✆✕◆❆
t✄❛✁s✆✄✐♣t♥  ♦✄ ❡✟❛♠♣❧❡♥ ❢② ♠♦❞✉❧❛t✐✁✂ ❛ ♠✐✆✄♦✕◆❆
✄❡s♣♦✁s❡ ❡❧❡♠❡✁t♥ ❛s ✐✁ t☎❡ ✆❛s❡ ♦  ❧✆❝✎▲✏▼❈✄✎✑✒✑ ✭❘✫✭✫
✸✧
✯✳
✞✐✁❛❧❧②♥ t☎❡ ✐❞❡✁t✐ ✐✆❛t✐♦✁ ♦  ❧✁✆✕◆❆ ❢✐♦♠❛✄❦❡✄s♥ s✉✆☎ ❛s
P❈✏✓  ♦✄ t☎❡ ❞❡t❡✆t✐♦✁ ♦  ♣✄♦st❛t❡ t✉♠♦✉✄s
✹✖
♥ ✉s❡s ✕◆❆✲
s❡q q✉❛✁t✐ ✐❡❞ ❛✂❛✐✁st ❧✁✆✕◆❆❛✁✁♦t❛t✐♦✁s✳ ✢✁✆❛s❡s✇☎❡✄❡
t☎❡ ❛✁❛❧②s✐s ♦✉t♣✉t ✐s ❛ ❞✐❛✂✁♦s✐s♥ ❛✁✁♦t❛t✐♦✁ q✉❛❧✐t② ✆❛✁
t☎✉s ☎❛✈❡ ❛ ❞✐✄❡✆t ✐♠♣❛✆t ♦✁ ♣❛t✐❡✁t ♦✉t✆♦♠❡s✳
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t☎❡ ✆✄❡❛t✐♦✁ ♦  ❧❛✄✂❡ ❧✁✆✕◆❆ ✆❛t❛❧♦✂✉❡s✳
✠☎❡ ✜✐✠✄❛✁s✆✄✐♣t♦♠❡ ❛✁✁♦t❛t✐♦✁ ✆♦♠❢✐✁❡s ❡♥✥❆✠
❞❛t❛ s❡ts♥ ☎❡❛✈✐❧② ✇❡✐✂☎t❡❞ t♦ s✞ ✆❛✁✆❡✄ t②♣❡s♥ t♦ ❛✉t♦♠❛t✲
✐✆❛❧❧② ❛✁✁♦t❛t❡ ✥✝♥❡ ✝ ❧✁✆✕◆❆ ✂❡✁❡s ✉s✐✁✂ ❛ t✇♦✲st❛✂❡
❛ss❡♠❢❧② st✄❛t❡✂②
✹✹
✳ ❆t t☎❡ t✐♠❡ ♦  ✐ts ✆✄❡❛t✐♦✁♥ ✥ ✚ ♦ 
❧♦✆✐ ✇❡✄❡ ✁♦t ♣✄❡s❡✁t ✐✁ ❛✁② ♦t☎❡✄ ❛✈❛✐❧❛❢❧❡ ✄❡s♦✉✄✆❡✳
✤❡✈❡✄❛❧ st✉❞✐❡s ❛✄❡ t❛❦✐✁✂ st❡♣s t♦ ✐♠♣✄♦✈❡ t☎❡ ✆♦♠✲
♣❧❡t❡✁❡ss ♦  ❛✁✁♦t❛t✐♦✁s✳ ✠☎❡ ✞✉✁✆t✐♦✁❛❧ ❆✁✁♦t❛t✐♦✁ ♦ 
t☎❡✜❛♠♠❛❧✐❛✁ ✂❡✁♦♠❡ ✥✞❆◆✠s✜✮❈❆✗✰✲❛ss♦✆✐❛t❡❞
t✄❛✁s✆✄✐♣t♦♠❡ ✥❈❆✠✮ ♠❡t❛✲❛ss❡♠❢❧② ✆♦♠❢✐✁❡s ❢♦t☎
♣✉❢❧✐s☎❡❞ s♦✉✄✆❡s ❛✁❞ ✐✁✲☎♦✉s❡ s☎♦✄t✲✄❡❛❞ ❛ss❡♠❢❧✐❡s
✹✺
✳
✉☎❛t s❡ts t☎✐s ✆♦❧❧❡✆t✐♦✁ ❛♣❛✄t ✐s ✐ts ✉s❡ ♦  ❈❆✗✰ t❛✂s♥
✇☎✐✆☎ ♠❛✄❦ t✄❛✁s✆✄✐♣t ✠✤✤s♥ t♦ ✐❞❡✁t✐ ② ✥✤✲✆♦♠♣❧❡t❡
t✄❛✁s✆✄✐♣t ♠♦❞❡❧s✳ ✠☎❡ ✄❡s✉❧t✐✁✂ s✞♥✟✙✟ ✂❡✁❡ ❧♦✆✐ ❛✄❡
♠♦✄❡ ✆♦♠♣❧❡t❡ ❛t t☎❡ ✥✤ ❡✁❞ ✆♦♠♣❛✄❡❞ ✇✐t☎ ♦t☎❡✄ ❛✁✁♦✲
t❛t✐♦✁s♥ ❛s ❥✉❞✂❡❞ ❢② ✐✁❞❡♣❡✁❞❡✁t ❡✈✐❞❡✁✆❡♥ s✉✆☎ ❛s ☎✐s✲
t♦✁❡ ✠ ❧②s✐✁❡   t✄✐♠❡t☎②❧❛t✐♦✁ ✥❍✠✍ ♠❡✠✮ ❛✁❞ ✝◆❛s❡ ✢
☎②♣❡✄s❡✁s✐t✐✈✐t② s✐t❡s ✥✝❍✤s✮
✹✺
✳s✁❡ ❞✄❛✇❢❛✆❦ ♦  ❈❆✗✰
✐s t☎❛t♥ s✐♠✐❧❛✄ t♦ ♦t☎❡✄ ✕◆❆✲❞❡♣❡✁❞❡✁t ♠❡t☎♦❞s♥ ✐ts
s✐✂✁❛❧ s✆❛❧❡s ✇✐t☎ ❡✟♣✄❡ss✐♦✁
✹✻
❀ ☎❡✁✆❡♥ ❧♦✇❧②✲❡✟♣✄❡ss❡❞
t✄❛✁s✆✄✐♣ts ❛✄❡ ♠♦✄❡ ✇❡❛❦❧② ✄❡♣✄❡s❡✁t❡❞✳
✠☎❡ ❃✢✗✠✄❛✁s✆✄✐♣t♦♠❡ ✆❛t❛❧♦✂✉❡ ✆♦♠♣✄✐s❡s t✄❛✁✲
s✆✄✐♣ts t☎❛t ❛✄❡ ✆♦♠♣❧❡t❡ ❛t ❢♦t☎ t☎❡ ✥✤ ❛✁❞ ✠✤ ❡✁❞s
✹✛
✳
✢t ❡♠♣❧♦②s ❛ ✁❡✇ ♠❡t☎♦❞♥ ❈❆✞✰♥ ✇☎✐✆☎ ✐s ✆❛♣❛❢❧❡
♦  ✐✁ ❡✄✄✐✁✂ st✄❛✁❞s ♦  ✉✁st✄❛✁❞❡❞ ✕◆❆✲s❡q ✄❡❛❞s✳
❈♦✁s❡q✉❡✁t❧②♥ ❈❆✞✰ ♦✈❡✄✆♦♠❡s st✄❛✁❞ ❛♠❢✐✂✉✐t②♥
✇☎✐✆☎ ♣❛✄t✐✆✉❧❛✄❧② ❛  ❡✆ts ✂❡✁✐✆ t✄❛✁s✆✄✐♣t ♠♦❞❡❧s
✂❡✁❡✄❛t❡❞  ✄♦♠ ✉✁st✄❛✁❞❡❞ ❞❛t❛ s❡ts♥ s✉✆☎ ❛s t☎♦s❡
 ✄♦♠t☎❡❍✉♠❛✁❃♦❞②✜❛♣✥❍❃✜✮♦✄t☎❡✗❡✁♦t②♣❡✲✠✐ss✉❡
✰✟♣✄❡ss✐♦✁ ✥✗✠✰✟✮ ♣✄♦❥❡✆t
✹✽
✳ ❈❆✗✰ ❛✁❞ ♣♦❧②✥❆✮✲♣♦s✐t✐♦✁
♣✄♦ ✐❧✐✁✂❢② s❡q✉❡✁✆✐✁✂ ✥✠P✲s❡q✮✇❡✄❡✉s❡❞ t♦ ❛ss❡ss✥✤✲❡✁❞
❛✁❞ ✠✤✲❡✁❞ ✆♦♠♣❧❡t❡✁❡ss♥ ✄❡s♣❡✆t✐✈❡❧②
✹✺✱✹✧
✳ ❈♦♠❢✐✁✐✁✂
✙❡✟ ✕◆❆✲s❡q ❞❛t❛ s❡ts♥ ❃✢✗✠✄❛✁s✆✄✐♣t♦♠❡ ✆♦♠♣✄✐s❡s
✙♥✞s✥ ✁♦✈❡❧  ✉❧❧✲❧❡✁✂t☎ ❧✁✆✕◆❆ ❧♦✆✐✳
✛✘✘✕✏✜✏✢✕✘✣✥✜✣✔✤✕✘ ✜✘✒✜✗ ✓✒✑✜✏✢✕✘★✗❡✁❡ ❛✁✁♦t❛✲
t✐♦✁ ✄❡♠❛✐✁s ♦✁❡ ♦  t☎❡  ❡✇ ☎✐✂☎✲t☎✄♦✉✂☎♣✉t s✆✐❡✁t✐ ✐✆
❛✆t✐✈✐t✐❡s ✇☎❡✄❡ ☎✉♠❛✁s st✐❧❧ ♦✉t♣❡✄ ♦✄♠ ✆♦♠♣✉t❡✄s✳ ✢✁
♠❛✁✉❛❧ ❛✁✁♦t❛t✐♦✁♥ ❛ t❡❛♠♦  ☎✉♠❛✁ ❛✁✁♦t❛t♦✄s s②st❡♠✲
❛t✐✆❛❧❧② ❛ss❡♠❢❧❡s t✄❛✁s✆✄✐♣t♦♠✐✆ ❛✁❞ ✂❡✁♦♠✐✆ ❡✈✐❞❡✁✆❡
✐✁t♦ ✂❡✁❡ ♠♦❞❡❧s ❛✆✆♦✄❞✐✁✂ t♦ ❞❡ ✐✁❡❞ ♣✄♦t♦✆♦❧s✳ ❃②
✐✁s♣❡✆t✐♦✁ ♦  ☎✐✂☎✲q✉❛❧✐t② t✄❛✁s✆✄✐♣t ❡✈✐❞❡✁✆❡♥ ♣✄✐✁✆✐✲
♣❛❧❧②  ✄♦♠ ✰✤✠s ❛✁❞ ✆✝◆❆ ❞❛t❛❢❛s❡s♥ ❛✁✁♦t❛t♦✄s ✆❛✁
✆✄❡❛t❡  ❛✐✄❧② ✆♦✁ ✐❞❡✁t ❛✁✁♦t❛t✐♦✁s♥  ✄❡❡  ✄♦♠ ♠❛✁② ♦ 
t☎❡ ❛✄t❡ ❛✆ts ✐✁☎❡✄❡✁t ✐✁ ❛✉t♦♠❛t❡❞ ❛♣♣✄♦❛✆☎❡s ✭✭✩✪✫ ✷❜✯
✳
✠☎❡ ♠♦st ✇✐❞❡❧② ✉s❡❞ ♠❛✁✉❛❧ ❛✁✁♦t❛t✐♦✁ ✐s
✗✰◆❈s✝✰
✷✱✺✖
♥ ✇☎✐✆☎ st❛✁❞s ♦✉t t☎❛✁❦s t♦ ✐ts ❡✟t❡✁✲
s✐✈❡ ❡✟♣❡✄✐♠❡✁t❛❧ ✈❛❧✐❞❛t✐♦✁ ❛✁❞ ✐✁t❡✂✄❛t✐♦✁ ✐✁t♦ t☎❡
✰✁s❡♠❢❧ ❛✁✁♦t❛t✐♦✁ s❡t
✷
✳✉☎❡✄❡❛s t☎❡♠❛✐✁ ✗✰◆❈s✝✰
♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✂❡✁❡ ❛✁✁♦t❛t✐♦✁ ✐s ✆✄❡❛t❡❞ ❢② ♠❡✄✂✐✁✂
t☎❡ ♦✉t♣✉t  ✄♦♠ t✇♦ ♣✐♣❡❧✐✁❡s♥ ♦✁❡ ♠❛✁✉❛❧ ❛✁❞ ♦✁❡
❛✉t♦♠❛t❡❞♥ t☎❡ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁ ✐s ❛❧♠♦st ❡✁t✐✄❡❧②
♠❛✁✉❛❧✳ ✢✁❞✐✈✐❞✉❛❧ t✄❛✁s✆✄✐♣t ♠♦❞❡❧s ❛✄❡ ❛✁✁♦t❛t❡❞
❛✁❞ ✂✄♦✉♣❡❞ t♦✂❡t☎❡✄ ♦✁ t☎❡ ❢❛s✐s ♦  ✂❡✁♦♠✐✆ ♦✈❡✄❧❛♣
♦  ❡✟♦✁s ❛✁❞ s♣❧✐✆❡ s✐t❡s ✐✁t♦ ✂❡✁❡ ❧♦✆✐✳
♥✁s✉✄♣✄✐s✐✁✂❧②♥ ♠❛✁✉❛❧ ❛✁✁♦t❛t✐♦✁ ✐s ♠✉✆☎ s❧♦✇❡✄
t☎❛✁ ❛✉t♦♠❛t❡❞ ❛♣♣✄♦❛✆☎❡s✳ ◆❡✈❡✄t☎❡❧❡ss♥ ✗✰◆❈s✝✰
❛✁✁♦t❛t✐♦✁s♥ ✄❡❧❡❛s❡❞ ❛t ❡✲♠♦✁t☎ ✐✁t❡✄✈❛❧s♥ ☎❛✈❡ ✂✄♦✇✁
✄❛♣✐❞❧② s✐✁✆❡ s❆✙s ✭❇❖❳ å✁ ✭✩✪✫ å❛✯
✳ ✜♦✄❡♦✈❡✄♥ s✐✁✂❧❡✲❡✟♦✁
❋ðè❊òó❉ç❘ ñóð ❛❏õ❅ôè❘ó ñóð
ò❏õõ❏❅❉òèññó■
❙✭✂✄☎❬❭❖❯③ ④⑨ ❪⑦③ ❜❫❵❯❱❵❜❴❚
①❯❵❪❩ ④⑨ ❲❳❨ ❴⑩①❯⑤❴❯❱③ ❵❯ ❪⑦③
❱④❯❪③ë❪ ④⑨ ❲❳❨ ❩③î①③❯❱❵❯⑥
③ë❜③❫❵ê③❯❪❩ì ⑤③⑨❵❯③⑤ ❴❩ ❪⑦③
❯①ê⑩③❫ ④⑨ ❩③î①③❯❱③⑤
⑨❫❴⑥ê③❯❪❩ ❜③❫ ✆❵❚④⑩❴❩③ ④⑨
❴❯❯④❪❴❪❵④❯ ❜③❫ê❵❚❚❵④❯ê❴❜❜③⑤
⑨❫❴⑥ê③❯❪❩❭
❇✝✞ ✶
⑤
✟✠✡✾✸♦ ☛✠✸✠ ✽✸✸✾✿✽✿❀✾✸☞ ♠✽✌✌❀✸☛ ✍✎✸✹✿❀✾✸❁ ✽✸♦ ♦✾♠✽❀✸❁
■✏ t✑✏✒✓✔✇✕t✖ ❝✗✔✘✙✓t✓ ❣✓✏✓ ✑✏✏✗t✑t✕✗✏✚✛ ✑✏ ✑✒✒✕t✕✗✏✑✙ ✗✜✢✓❝t✕✣✓ ✕✚ t✗✘♣✓✒✕❝t ✑✏✒
✙✑✜✓✙ ✔✗✙✓❝✤✙✑♣✛ ✜✕✗✙✗❣✕❝✑✙ ✑✏✒ ✒✕✚✓✑✚✓ ❢✤✏❝t✕✗✏✚ ✗❢ ✙✗✏❣ ✏✗✏♥❝✗✒✕✏❣ ❘✥✦✚ ✧✙✏❝❘✥✦✚★✩
❚✖✕✚ ✑✕✔ ✕✚ ✖✓✙✒ ✜✑❝❜ ✜✪ ✗✤♣ ✘✗✗♣ ✤✏✒✓♣✚t✑✏✒✕✏❣ ✗❢ t✖✓ ✚✓s✤✓✏❝✓✫❢✤✏❝t✕✗✏ ♣✓✙✑t✕✗✏✚✖✕✘
✗❢ ✙✏❝❘✥✦✚✛ ✕✏ ❝✗✏t♣✑✚t t✗ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ❣✓✏✓✚ ✇✖✗✚✓ ❢✤✏❝t✕✗✏✚ ❝✑✏ ✤✚✤✑✙✙✪ ✜✓
✘♣✓✒✕❝t✓✒ ❢♣✗✔✘♣✕✔✑♣✪ ✚✓s✤✓✏❝✓ ✑✙✗✏✓
✺✬
✩ ❍✓♣✓✛ ✇✓✒✕✚❝✤✚✚ ✑ ✚✓✙✓❝t✕✗✏ ✗❢ ✘♣✗✔✕✚✕✏❣
✔✓t✖✗✒✚ t✗ ✘♣✓✒✕❝t t✖✓ ❢✤✏❝t✕✗✏✚ ✑✏✒ ❢✤✏❝t✕✗✏✑✙ ✒✗✔✑✕✏✚ ✗❢ ✙✏❝❘✥✦✚✩ ■t ✇✕✙✙ ✜✓
✕✏t✓♣✓✚t✕✏❣ ✕✏ t✖✓ ❢✤t✤♣✓ t✗ ✚✓✓ ✚✤❝✖ ✕✏❢✗♣✔✑t✕✗✏ ✕✏t✓❣♣✑t✓✒✇✕t✖ ✑✏✏✗t✑t✕✗✏ ✒✑t✑✜✑✚✓✚✛
▲✥◆✕✘✓✒✕✑ ✑✏✒ ▲✏❝❘✥✦❲✕❜✕ ✜✓✕✏❣ t✖✓ ✗✏✙✪ ♣✓✚✗✤♣❝✓✚ t✖✤✚ ❢✑♣ t✗ ✒✗ t✖✕✚
✻✮✱✻✬
✩
●❄❋❄✯▼❄❆❄▼ ❦❬❋❖■❉❊❋❂▼ ❂❋❋❊■❂■❉❊❋
❙t♣✑t✓❣✕✓✚ t✗ ✘♣✓✒✕❝t ✙✏❝❘✥✦ ❢✤✏❝t✕✗✏✚ ✖✑✣✓ t♣✑✒✕t✕✗✏✑✙✙✪ ✕✏✣✗✙✣✓✒ ♣✓✑✚✚✕❣✏✕✏❣
❢✤✏❝t✕✗✏✑✙ ✙✑✜✓✙✚ ❢♣✗✔✘♣✗t✓✕✏♥❝✗✒✕✏❣✔❘✥✦✚ t✗ ✙✏❝❘✥✦✚ ✜✑✚✓✒ ✗✏✓✰✘♣✓✚✚✕✗✏✘✑tt✓♣✏✚✩
❚✕✚✚✤✓ ✘♣✗❢✕✙✓✚ ✗❢ ✙✏❝❘✥✦✚ ✑✏✒✔❘✥✦✚ ✑♣✓ ✒✓t✓♣✔✕✏✓✒ ❢♣✗✔❘✥✦ ✚✓s✤✓✏❝✕✏❣ ✧❘✥✦♥✚✓s★
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✤✚✓❢✤✙ ❝✙✤✓✚ ❢✗♣✔✗✙✓❝✤✙✑♣ ❢✤✏❝t✕✗✏✚✩ ❘✥✦♥✚✓s♥✜✑✚✓✒✔✑✘✚ ✗❢ ✙✏❝❘✥✦ ✙✓✣✓✙✚ ✕✏
❝✗✔✘✑♣t✔✓✏t✚ ✗❢ t✖✓ ❝✓✙✙✛ ✕✏❝✙✤✒✕✏❣ ✏✤❝✙✓✤✚✛ ❝✪t✗✘✙✑✚✔✑✏✒ ✗t✖✓♣ ✗♣❣✑✏✓✙✙✓✚✛ ❝✑✏ ✜✓
✤✚✓✒ t✗ ❝♣✓✑t✓✔✑✘✚ ✗❢ ✙✗❝✑✙✕❧✑t✕✗✏
✮✮✮➊✮✮✸
✩ ❚✖✓✚✓ ✒✑t✑ ✑♣✓ t✖✓✏ ✤✚✓✒ t✗ ❝✙✑✚✚✕❢✪ ✙✏❝❘✥✦✚
✜✪ t✖✓✕♣ ✙✗❝✑✙✕❧✑t✕✗✏ ✑❝❝✗♣✒✕✏❣ t✗✒✓❢✕✏✓✒ ❝✤t♥✗❢❢✚
✮✮✸
✩ ✦✙t✖✗✤❣✖ t✖✕✚ ✑✘✘♣✗✑❝✖✒✗✓✚ ✏✗t
✔✑❜✓ ✚✘✓❝✕❢✕❝ ❢✤✏❝t✕✗✏✑✙ ✘♣✓✒✕❝t✕✗✏✚✛ ✕t ❝✑✏✘♣✗✣✕✒✓ ✜♣✗✑✒ ✘✗✕✏t✓♣✚✹ ❢✗♣ ✓✰✑✔✘✙✓✛
✏✤❝✙✓✑♣♥✓✏♣✕❝✖✓✒ t♣✑✏✚❝♣✕✘t✚ ✔✑✪ ♣✓❣✤✙✑t✓ t♣✑✏✚❝♣✕✘t✕✗✏✛ ✇✖✕✙✓ ❝✪t✗✘✙✑✚✔✕❝ t♣✑✏✚❝♣✕✘t✚
✑♣✓✔✗♣✓ ✙✕❜✓✙✪ t✗ ✘✙✑✪✘✗✚t♥t♣✑✏✚❝♣✕✘t✕✗✏✑✙ ♣✗✙✓✚✩ ▲✗❝✑✙✕❧✑t✕✗✏✒✑t✑✔✑✪✑✙✚✗✜✓ ✤✚✓✒ t✗
✚✓✑♣❝✖ ❢✗♣ ✒✗✔✑✕✏✚ ✗♣✔✗t✕❢✚ t✖✑t ✘♣✗✔✗t✓ ✙✏❝❘✥✦ t♣✑❢❢✕❝❜✕✏❣ t✗ ✚✘✓❝✕❢✕❝ ❝✓✙✙✤✙✑♣
✚✕t✓✚
✮✮✺➊✮✮✼
✩
P❂❍❍❉❋▲ ▼❋❖❘◆♠ ❦❬❋❖■❉❊❋❂▼ ❄▼❄❃❄❋■❈
❚✖✓ ✘♣✓✣✑✕✙✕✏❣ ✣✕✓✇ ✕✚ t✖✑t ✙✏❝❘✥✦✚✛ ✚✕✔✕✙✑♣ t✗ ✘♣✗t✓✕✏✚✛ ✑♣✓✔✗✒✤✙✑♣ ✑✏✒ ❝✗✔✘✗✚✓✒ ✗❢
✚✓✘✑♣✑✜✙✓ ➅❢✤✏❝t✕✗✏✑✙ ✓✙✓✔✓✏t✚✽ ✭❘✫✭✾
✮✮✼➊✮✮✷
✯✩ ◆✗✏✣✕✏❝✕✏❣ ✓✣✕✒✓✏❝✓ ✕✚ ✑✣✑✕✙✑✜✙✓ ❢✗♣ ✑
✙✕✔✕t✓✒ ✏✤✔✜✓♣ ✗❢ ❝✑✚✓✚
✮✮✼✱✮✮✵✱✮✬✶➊✮✬✸
✛ ✜✤t t✖✓ ❣✙✗✜✑✙ ✑✏✏✗t✑t✕✗✏ ✗❢ ✓✙✓✔✓✏t✚✇✗✤✙✒ ✜✓ ✑
✘✗✇✓♣❢✤✙ ✜✑✚✕✚ ❢✗♣✘♣✓✒✕❝t✕✏❣ ✙✏❝❘✥✦ ❢✤✏❝t✕✗✏✚✩
❊✙✓✔✓✏t✚ ❝✑✏✜✓ ✘♣✓✒✕❝t✓✒ ✜✪ ✑ ✣✑♣✕✓t✪ ✗❢✔✓t✖✗✒✚✩ ❊✣✗✙✤t✕✗✏✑♣✪ ❝✗✏✚✓♣✣✑t✕✗✏ ✗❢ ❘✥✦
✚t♣✤❝t✤♣✓✚ ✕✚ ✑ ✚t✑t✕✚t✕❝✑✙✙✪ ♣✕❣✗♣✗✤✚ ✇✑✪ ✗❢ ❢✕✏✒✕✏❣ ✘✤t✑t✕✣✓ ❢✤✏❝t✕✗✏✑✙ ✓✙✓✔✓✏t✚
✵✵
✩
P♣✗t✓✕✏♥✜✕✏✒✕✏❣ ✒✑t✑ ✑♣✓ ✤✚✓❢✤✙ ✕✏ ✕✒✓✏t✕❢✪✕✏❣✔✗✙✓❝✤✙✑♣ ✕✏t✓♣✑❝t✗♣✚ ✑✏✒ t✖✓✕♣ ✜✕✏✒✕✏❣
✚✕t✓✚✛ ✑✙t✖✗✤❣✖ t✖✓✪✖✑✣✓ t✖✓ ✒♣✑✇✜✑❝❜ t✖✑t ✚✓✏✚✕t✕✣✕t✪ ✒✓✘✓✏✒✚ ✗✏ ✓✰✘♣✓✚✚✕✗✏✛ ✇✖✕❝✖ ✕✚
✤✚✤✑✙✙✪ ✙✗✇ ❢✗♣ ✙✏❝❘✥✦✚
✮✬✺
✩▼✑✘✚ ✗❢ ✕✏❢✓♣♣✓✒ ✗♣ ✓✰✘✓♣✕✔✓✏t✑✙✙✪ ✕✒✓✏t✕❢✕✓✒✔✕❝♣✗❘✥✦ ✚✕t✓✚
✔✑✪✘✗✕✏t t✗✘✗✚t♥t♣✑✏✚❝♣✕✘t✕✗✏✑✙ ♣✓❣✤✙✑t✗♣✪ ♣✗✙✓✚✛ ✚✤❝✖ ✑✚ ❢✗♣ ❝✗✔✘✓t✕t✕✣✓ ✓✏✒✗❣✓✏✗✤✚
❘✥✦✚ ✧❝✓❘✥✦✚★
✮✬✺✱✮✬✻
✩ ✙✏❝❘✥✦✚✔✑✪ ✕✏t✓♣✑❝t ✇✕t✖ ❣✓✏✗✔✕❝❉✥✦ t✖♣✗✤❣✖ t✖✓ ❢✗♣✔✑t✕✗✏ ✗❢
t♣✕✘✙✓✰ ✚t♣✤❝t✤♣✓✚ t✖✑t ❝✑✏ ✜✓ ✘♣✓✒✕❝t✓✒ ✜✕✗✕✏❢✗♣✔✑t✕❝✑✙✙✪
✮✬✼
✩✳t✖✓♣ ✚t✤✒✕✓✚ ✖✑✣✓
✑tt✓✔✘t✓✒ t✗✔✑✘ ❢✤✏❝t✕✗✏✑✙ ✚✕t✓✚ t✖♣✗✤❣✖ t♣✑✏✚✘✗✚✑✜✙✓ ✓✙✓✔✓✏t✚
✷✵✱✮✮✺✱✮✮✻✱✮✬✵
✩
➞ ✟✠✡☛☞✌✍✎✏✑✑✌✒ ✓✉✔✑✏✕✖✗✘✕ ✙✏✎✏✚✗❡✛ ✜✌✘✚ ✢✣ ✤✜✘✏✒✥✗✘ ✦✌✚✉✘✗✧ ★✑✑ ✘✏✥✖✚✕ ✘✗✕✗✘✩✗❡✧
ûûûüýþß✉r❡ü❝ ♠✴ýr❣
❘✁✂ ✄✁☎✆
✺✝✿
⑤
✷✮P❚✮❊❇✮✭ ✟✠✡☛
⑤
❊✥☞✬❊✮ ✡✌
III. Towards a complete map of human lncRNAs 165
♠♦❞❡❧s ❛✁❞ t✄❛✁s✆✄✐♣t ♠♦❞❡❧s s✉♣♣♦✄t❡❞ ❢② t✄❛✁s✆✄✐♣✲
t♦♠✐✆ ❞❛t❛  ✄♦♠ ❧♦✁✂✲✄❡❛❞ s❡q✉❡✁✆✐✁✂ ❛✄❡ ✁♦✇ ❢❡✐✁✂
✐✁t✄♦❞✉✆❡❞ ✥❞✐s✆✉ss❡❞ ❢❡❧♦✇✮✳
◆❡✇❧② ✆✄❡❛t❡❞ t✄❛✁s✆✄✐♣t ♠♦❞❡❧s ❛✄❡ ❛ss❡ss❡❞  ♦✄
♣✄♦t❡✐✁✲✆♦❞✐✁✂ ♣♦t❡✁t✐❛❧ ✭❇❖❳ ✹✯ ❛✁❞ ✇☎❡t☎❡✄ t☎❡② ❛✄❡
❧✐❦❡❧② t♦ ❢❡  ✉✁✆t✐♦✁❛❧ ♦✄ ♣s❡✉❞♦✂❡✁✐✆✳ ✉☎❡✄❡ t☎❡✄❡
✐s ✁♦ ❡✈✐❞❡✁✆❡ ♦  ✆♦❞✐✁✂ ♣♦t❡✁t✐❛❧  ✄♦♠ ♠❛ss s♣❡✆✲
t✄♦♠❡t✄② ❞❛t❛♥ ♦✄t☎♦❧♦✂✉❡s ♦✄ ♣❛✄❛❧♦✂✉❡s ✐✁ ✄❡ ❡✄❡✁✆❡
❞❛t❛❢❛s❡s s✉✆☎ ❛s ♥✁✐P✄♦t
✺✶
♥ st✄✉✆t✉✄❛❧ ♦✄  ✉✁✆t✐♦✁❛❧
♣✄♦t❡✐✁ ❞♦♠❛✐✁s ✐❞❡✁t✐ ✐❡❞ ❢② P ❛♠
✺✷
♦✄ ✆♦✁s❡✄✈❛t✐♦✁
❞❛t❛ s✉✆☎ ❛s P☎②❧♦❈✤✞
✺✸
♥ ❛ ❧♦✆✉s ✐s ❞❡ ✐✁❡❞ ❛s ✁♦✁✲
✆♦❞✐✁✂✳ ❧✁✆✕◆❆s  ✄♦♠ t☎❡ ❧✐t❡✄❛t✉✄❡ ❛✄❡ ❛ss❡ss❡❞ ✇✐t☎
❡q✉❛❧ st✄✐✁✂❡✁✆②✳ ❆❧t☎♦✉✂☎ ♠✉✆☎ ♦  t☎❡ ❛✁✁♦t❛t✐♦✁
♦  ❧✁✆✕◆❆s ✇❛s ✆♦♠♣❧❡t❡❞ ❞✉✄✐✁✂  ✐✄st✲♣❛ss ♠❛✁✉❛❧
❛✁✁♦t❛t✐♦✁ ❛✆✄♦ss t☎❡ ✇☎♦❧❡ ☎✉♠❛✁ ✂❡✁♦♠❡♥ t❛✄✂❡t❡❞
✥✄❡✮❛✁✁♦t❛t✐♦✁ ♦  ♠✐ss✐✁✂ ♦✄ t✄✉✁✆❛t❡❞ ❧✁✆✕◆❆s ✐s
✁♦✇ ✉✁❞❡✄✇❛②✳
❆❧❧ ✁❡✇ t✄❛✁s✆✄✐♣ts ❛✁❞ ✂❡✁❡s ❛✄❡ ❛ss✐✂✁❡❞ st❛❢❧❡
✐❞❡✁t✐ ✐❡✄s ♦✁ t☎❡✐✄ ✆✄❡❛t✐♦✁✳ ❆❧❧ ✉♣❞❛t❡s t♦ ❛✁✁♦t❛t✐♦✁
❛✄❡ ✆❛♣t✉✄❡❞ ✐✁ ❛✁ ✐✁✆✄❡♠❡✁t t♦ t☎❡ ✈❡✄s✐♦✁ ♦  t☎❡ ✂❡✁❡
❛✁❞ t✄❛✁s✆✄✐♣t ✐❞❡✁t✐ ✐❡✄ ✥t☎❛t ✐s♥ s✰◆✤✗❊❊❊❊❊❊❊✳s❳✮✳
✞♦✄ ❡✟❛♠♣❧❡♥ ✇☎❡✁ ❡✟t❡✁s✐♦✁ ♦✄ t✄✐♠♠✐✁✂ ♦  ❛ t✄❛✁s✆✄✐♣t
✐s ✉✁❞❡✄t❛❦❡✁ ✐✁ ❧✐✂☎t ♦  ✁❡✇ ❞❛t❛ ♦✄ ✇☎❡✄❡ ✁❡✇ ❞❛t❛
❡♠❡✄✂❡s t♦ st✄♦✁✂❧② s✉♣♣♦✄t ✆☎❛✁✂✐✁✂ t☎❡ ❢✐♦t②♣❡
♦  ❛ ❧♦✆✉s ✭❇❖❳ å✯
♥ ✉♣❞❛t❡s ✇✐❧❧ ❢❡ ♠❛❞❡ ❛✁❞ ❛ ✈❡✄s✐♦✁
✐✁✆✄❡♠❡✁t ❛♣♣❧✐❡❞✳
s✇✐✁✂ t♦ t☎❡ q✉❛❧✐t② ❞❡✄✐✈✐✁✂  ✄♦♠ ✐ts ♠❛✁✉❛❧ ❛✁✁♦✲
t❛t✐♦✁♥ ✄❡✂✉❧❛✄❧② ✉♣❞❛t❡❞ ✈❡✄s✐♦✁s♥ ❧♦✁✂✲t❡✄♠ s✉♣♣♦✄t♥
✇❡❧❧✲❞❡ ✐✁❡❞ ❛✁❞ ✆♦✁s✐st❡✁t s♦✉✄✆❡ ❞❛t❛♥ ✐❞❡✁t✐ ✐❡✄ st❛❢✐❧✲
✐t② ❛✁❞ ✐✁t❡✂✄❛t✐♦✁ ✐✁t♦ ✰✁s❡♠❢❧
✺✖
♥ ✗✰◆❈s✝✰ ☎❛s ❢❡❡✁
❛❞♦♣t❡❞ ❢② ♠♦st ❧❛✄✂❡✲s✆❛❧❡ ✂❡✁♦♠✐✆s ♣✄♦❥❡✆ts♥ ✐✁✆❧✉❞✲
✐✁✂ t☎❡ ✰✁✆②✆❧♦♣❡❞✐❛ ♦  ✝◆❆ ✰❧❡♠❡✁ts ✥✰◆❈s✝✰✮
✺✹
✥ ♦✄ ✇☎✐✆☎ ✐t ✇❛s ♦✄✐✂✐✁❛❧❧② ✆✄❡❛t❡❞✮♥ ✗✠✰✟ ♣✄♦❥❡✆t
✹✽
♥
✢✁t❡✄✁❛t✐♦✁❛❧ ❈❛✁✆❡✄ ✗❡✁♦♠❡ ❈♦✁s♦✄t✐✉♠ ✥✢❈✗❈✮
✺✺
♥
❃❧✉❡♣✄✐✁t
✺✻
♥ ✰♣✐✂❡✁♦♠❡ ✕♦❛❞♠❛♣
✺✛
❛✁❞ ✞❆◆✠s✜
✹✺
✳
✠☎❡ ✉s❡ ♦  st❛❢❧❡ ✰✁s❡♠❢❧ ✐❞❡✁t✐ ✐❡✄s s✐♠♣❧✐ ✐❡s t☎❡ ✐✁t❡✲
✂✄❛t✐♦✁ ♦  ❞❛t❛ ❛✆✄♦ss ♣✄♦❥❡✆ts ❛✁❞ ✄❡❧❡❛s❡s✳ ❍♦✇❡✈❡✄♥ t☎❡
✐✁☎❡✄❡✁t ✇❡❛❦✁❡ss ♦  ✗✰◆❈s✝✰ ✐s ✐ts ✄❡❧❛t✐✈❡❧② s♠❛❧❧
s✐✘❡❄ ✙✥♥✞✞✝ ✂❡✁❡s ✐✁ ☎✉♠❛✁ ✥✈❡✄s✐♦✁ s✞✮ ❛✁❞ ✙✙♥✟✞✥
✐✁ ♠♦✉s❡ ✥✈❡✄s✐♦✁ ✜✙✥✮✳ s  ✁♦t❡♥ t☎❡ ♠♦✉s❡ ❛✁✁♦t❛✲
t✐♦✁ ♣✄♦❥❡✆t ✇❛s ✆♦♠♠❡✁✆❡❞ ❧❛t❡✄♥ ❛✆✆♦✉✁t✐✁✂  ♦✄ t☎❡
❞✐  ❡✄❡✁✆❡ ✐✁ s✐✘❡ ✇✐t☎ ☎✉♠❛✁✳
❆✁♦t☎❡✄♠❛✁✉❛❧ ✂❡✁❡ ❛✁✁♦t❛t✐♦✁ ✄❡s♦✉✄✆❡♥ ✕❡ ❡✄❡✁✆❡
✤❡q✉❡✁✆❡ ✥✕❡ ✤❡q✮♥ ✇❛s ✆✄❡❛t❡❞ ❛✁❞ ✐s ♠❛✐✁t❛✐✁❡❞ ❢②
t☎❡ ◆❛t✐♦✁❛❧ ❈❡✁t❡✄  ♦✄ ❃✐♦t❡✆☎✁♦❧♦✂② ✢✁ ♦✄♠❛t✐♦✁
✥◆❈❃✢✮ ❛✁❞ ✆♦✈❡✄s ♠✉❧t✐♣❧❡ s♣❡✆✐❡s♥ ✐✁✆❧✉❞✐✁✂ ☎✉♠❛✁
✺✽
✳
❈♦✁s✐st✐✁✂ ♦  ❛♠✐✟t✉✄❡ ♦  ♠❛✁✉❛❧ ❛✁❞ ❛✉t♦♠❛t❡❞ ❛✁✁♦✲
t❛t✐♦✁s♥ ✕❡ ✤❡q ✐s ✆✄❡❛t❡❞ ✉s✐✁✂ ❛ ✈❛✄✐❡t② ♦  ❡✈✐❞❡✁✆❡♥
✐✁✆❧✉❞✐✁✂ ✆✝◆❆s♥ ✰✤✠s ❛✁❞ ✕◆❆✲s❡q✳ ✰✁t✄✐❡s ✆❛✄✄②
✉✁✐q✉❡ ❛✁❞ st❛❢❧❡ ✐❞❡✁t✐ ✐❡✄s ❛✁❞ ❛✄❡ ❛ss♦✆✐❛t❡❞ ✇✐t☎
♠❡t❛❞❛t❛ s✉♠♠❛✄✐✘✐✁✂ t☎❡✐✄ ❛✁✁♦t❛t✐♦✁ ☎✐st♦✄②✳s  ✄❡❧✲
❡✈❛✁✆❡ ✐✁ t☎✐s ✆♦✁t❡✟t ❛✄❡ ✁♦✁✲✆♦❞✐✁✂ ✕◆❆ ❛✁✁♦t❛t✐♦✁s
✇✐t☎ ❛✆✆❡ss✐♦✁s  ◆✕◆✁ ❛✁❞  ❊✕◆✁♥ ✇☎✐✆☎ ✄❡ ❡✄ t♦ ♠❛✁✉✲
❛❧❧② ✆✉✄❛t❡❞ ♠♦❞❡❧s ✥◆✕✮ ❛✁❞ ♣✄♦❞✉✆ts ♦  ❛✁ ❛✉t♦♠❛t❡❞
♣✐♣❡❧✐✁❡ ❢❛s❡❞ ♦✁ ✢❧❧✉♠✐✁❛ ❞❛t❛ ✥❊✕✮♥ ✄❡s♣❡✆t✐✈❡❧②✳ ✠☎✉s♥
t☎❡ ✕❡ ✤❡q ❛✁✁♦t❛t✐♦✁ ♣✄♦✆❡ss ✐s s✐♠✐❧❛✄ t♦ ✗✰◆❈s✝✰♥
✇✐t☎ t☎❡ ❡✟✆❡♣t✐♦✁ ♦  ✉s❛✂❡ ♦  ✕◆❆✲s❡q✳ ❆❧♦✁✂ ✇✐t☎
✗✰◆❈s✝✰♥ ✕❡ ✤❡q ✐s ♦✁❡ ♦  t☎❡ ♠♦st ✇✐❞❡❧② ✉s❡❞
❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s
✺✧
✳
■✘✏✔✉✑✜✏✢❛✔ ✜✘✘✕✏✜✏✢✕✘✣★ ❆ ✁✉♠❢❡✄ ♦  ♦t☎❡✄ ❧✁✆✕◆❆
✆♦❧❧❡✆t✐♦✁s ❛✄❡ ✇♦✄t☎② ♦  ✁♦t❡✳ ◆s◆❈s✝✰ ☎❛s♥ s✐✁✆❡
s❆❆✥♥ ✐✁t❡✂✄❛t❡❞ ❛✁✁♦t❛t✐♦✁s  ✄♦♠ ❛ ♠✐✟t✉✄❡ ♦  ♠❛✁✉❛❧
❧✐t❡✄❛t✉✄❡ s❡❛✄✆☎❡s ❛✁❞ ♦t☎❡✄ ❛✁✁♦t❛t✐♦✁s
✸
✳ ✠☎❡ ❧❛t❡st
✈❡✄s✐♦✁♥ ◆s◆❈s✝✰ ✥✈❡✄s✐♦✁ ✥✮♥ ✐s t♦ ♦✉✄ ❦✁♦✇❧❡❞✂❡
t☎❡ s✐✁✂❧❡ ❧❛✄✂❡st ♣✄❡s❡✁t ✆♦❧❧❡✆t✐♦✁♥ ❞❡s✆✄✐❢✐✁✂ ✟❡♥✠❆✝
❧✁✆✕◆❆ ✂❡✁❡ ❧♦✆✐ ✐✁ ☎✉♠❛✁ ❛❧♦✁❡ ✥❛s ♦  ◆♦✈❡♠❢❡✄
s❆✙✞✮✳ ✢t ❛❧s♦ ☎❛s ❞❛t❛  ♦✄ ✙✥ s♣❡✆✐❡s ♦t☎❡✄ t☎❛✁ ☎✉♠❛✁
❛✁❞ ♠♦✉s❡✳
✕◆❆❈❡✁t✄❛❧ ✐s ❛ ❧❛✄✂❡✲s✆❛❧❡ ✄❡s♦✉✄✆❡ ♦  ✁♦✁✲✆♦❞✐✁✂
✕◆❆ s❡q✉❡✁✆❡s♥ ✐✁t❡✂✄❛t✐✁✂ ✈❛✄✐♦✉s ♦t☎❡✄ ❞❛t❛❢❛s❡s♥
✇☎✐✆☎ ❧✐sts ✙✙❡♥s✟s ❧✁✆✕◆❆ s❡q✉❡✁✆❡s ❛t t☎❡ t✐♠❡ ♦ 
✇✄✐t✐✁✂
✻✖
✳ ✢t ✐s ❢❛s❡❞ ♦✁ s❡q✉❡✁✆❡s♥ ✄❛t☎❡✄ t☎❛✁ ❛✁✁♦t❛✲
t✐♦✁s♥ ♠❛❦✐✁✂ t☎❡ t♦t❛❧ ✁✉♠❢❡✄ ♦  ❧✁✆✕◆❆ ❧♦✆✐ ✉✁✆❧❡❛✄✳
✞✐✁❛❧❧②♥ ✱◆❈✐♣❡❞✐❛ ❛✁❞ ✱✁✆✕◆❆✉✐❦✐ st❛✁❞ ♦✉t
✐✁ t☎❡✐✄ ✉s❡ ✉❧✁❡ss  ♦✄ ✐✁t❡✂✄❛t✐✁✂  ✉✁✆t✐♦✁❛❧ ❞❛t❛✳
✱◆❈✐♣❡❞✐❛ ☎♦❧❞s ❛ ❞❛t❛❢❛s❡ ♦   ✝♥❆s✝ ✆❛✄❡ ✉❧❧②  ✐❧t❡✄❡❞
❧✁✆✕◆❆ ✂❡✁❡s  ✄♦♠ ❛ ✄❛✁✂❡ ♦  s♦✉✄✆❡s
✻✶
✳ ♥s❡✄s ♠❛②
❛✆✆❡ss ✐✁ ♦✄♠❛t✐♦✁ ♦✁ ♣❡♣t✐❞❡ ♠❛♣♣✐✁✂♥ ✆♦❞✐✁✂ ♣♦t❡✁✲
t✐❛❧♥ ✕◆❆  ♦❧❞✐✁✂ ❛✁❞♠✐✆✄♦✕◆❆ ✄❡✆♦✂✁✐t✐♦✁✳ ✤✐♠✐❧❛✄❧②♥
✱✁✆✕◆❆✉✐❦✐ ☎♦❧❞s ❛ ✈❛✄✐❡t② ♦  ✉s❡ ✉❧ ✐✁ ♦✄♠❛t✐♦✁♥
✐✁✆❧✉❞✐✁✂ ❞✐s❡❛s❡ ❛ss♦✆✐❛t✐♦✁ ❛✁❞ ♣✉t❛t✐✈❡ s♠❛❧❧ ♣❡♣✲
t✐❞❡s♥ ❛✁❞ ✐s ❛✁ ✐✁✈❛❧✉❛❢❧❡ ✄❡s♦✉✄✆❡ ♦  ♠❛✁✉❛❧❧② ✆✉✄❛t❡❞
 ✉✁✆t✐♦✁❛❧ ✐✁ ♦✄♠❛t✐♦✁  ♦✄ ☎✉✁❞✄❡❞s ♦  ❧✁✆✕◆❆s
✻✷
✳
❇✝✞ ✷
⑤
❚✂✠ ✠✈✾✷✎✿❀✾✸ ✾✍ ✷✸✹✺✻✼ ✹✾✷✷✠✹✿❀✾✸❁
❚✖✓ ❢✕♣✚t ✖✕✏t ✑t t✖✓ ✣✗✙✤✔✓ ✗❢ ✙✗✏❣ ✏✗✏♥❝✗✒✕✏❣ ❘✥✦✚ ✧✙✏❝❘✥✦✚★ ✘✗✘✤✙✑t✕✏❣ ✗✤♣ ❣✓✏✗✔✓
❝✑✔✓ ❢♣✗✔❣✓✏✗✔✕❝✔✕❝♣✗✑♣♣✑✪ t✓❝✖✏✗✙✗❣✪✩ ❙t✑♣t✕✏❣ ✕✏ ✄☎☎✄✛ t✕✙✓✒✔✕❝♣✗✑♣♣✑✪✚✇✕t✖
✕✏❝♣✓✑✚✕✏❣ ✒✓✏✚✕t✪ ✑✏✒ ❣✓✏✗✔✕❝ ✚✘✑✏ ♣✓✣✓✑✙✓✒ ✓✰t✓✏✚✕✣✓ t♣✑✏✚❝♣✕✘t✕✗✏ ✗✤t✚✕✒✓ ✗❢ t✖✓✏♥
❜✏✗✇✏❣✓✏✓ ✙✗❝✕
✮✬✷
✩ ❍✗✇✓✣✓♣✛ t✖✓ ✓✰✑❝t ✚✓s✤✓✏❝✓ ✑✏✒ ✖✓✏❝✓ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ✘✗t✓✏t✕✑✙✛
✗❢ t✖✗✚✓ t♣✑✏✚❝♣✕✘t✚ ❝✗✤✙✒ ✏✗t ✜✓ ♣✓✚✗✙✣✓✒✇✕t✖ t✖✕✚ t✓❝✖✏✗✙✗❣✪✩ ❚✖✓ ✚✓s✤✓✏❝✓✚ ✗❢ t✖✓✚✓
✤✏✑✏✏✗t✑t✓✒ t♣✑✏✚❝♣✕✘t✚ ✇✓♣✓ ❢✕♣✚t ♣✓✚✗✙✣✓✒ ✜✪✔✑✚✚✕✣✓ ❝❉✥✦ ✚✓s✤✓✏❝✕✏❣ ✤✏✒✓♣t✑❜✓✏
✜✪ t✖✓ ❋✤✏❝t✕✗✏✑✙ ✦✏✏✗t✑t✕✗✏ ✗❢ t✖✓▼✑✔✔✑✙✕✑✏❣✓✏✗✔✓ ✧❋✦✥❚✳▼★ ❝✗✏✚✗♣t✕✤✔
✮✴✶✱✮✴✮
✩
❚✖✓ ❝✗✏✚✗♣t✕✤✔✤✚✓✒ ✑ ❝✗✔✜✕✏✑t✕✗✏ ✗❢ ❝✑✘ ✑✏✑✙✪✚✕✚ ✗❢ ❣✓✏✓ ✓✰✘♣✓✚✚✕✗✏ ✧◆✦✲❊★✛ ✇✖✕❝✖
❝✑✏ ✕✒✓✏t✕❢✪ t♣✑✏✚❝♣✕✘t✕✗✏ ✚t✑♣t ✚✕t✓✚ ✧❚❙❙✚★ ✜✪ ✚✓s✤✓✏❝✕✏❣ t✖✓ ✸✤ ✓✏✒ ✗❢ ❝❉✥✦✚ ✧t✖✑t ✕✚✛
t✖✓ ✺✤ ✓✏✒ ✗❢❘✥✦✚★✛ ✑✏✒✒✕t✑❣ ✚✓s✤✓✏❝✕✏❣ ✧✑✙✚✗ ❜✏✗✇✏✑✚ ✘✑✕♣✓✒♥✓✏✒ t✑❣ ✚✓s✤✓✏❝✕✏❣★✛
✇✖✕❝✖ ✕✚ ❝✑✘✑✜✙✓ ✗❢ ✕✒✓✏t✕❢✪✕✏❣ ✜✗t✖ ❚❙❙✚ ✑✏✒ ✘✗✙✪✑✒✓✏✪✙✑t✕✗✏ ✚✕t✓✚✩ ✦✘✘♣✗✰✕✔✑t✓✙✪
✗✏✓♥t✖✕♣✒ ✗❢ ❝❉✥✦✚ ✒✕✒ ✏✗t ❝✗✏t✑✕✏ ✕✒✓✏t✕❢✕✑✜✙✓ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ✚✓s✤✓✏❝✓✚✹ ✕✏ ✗t✖✓♣
✇✗♣✒✚✛ t✖✓✪✇✓♣✓ ✙✏❝❘✥✦✚✩ ❚✖✕✚ ✒✑t✑ ✚✓t ❢✑❝✕✙✕t✑t✓✒ t✖✓ ❢✕♣✚t ✚t✤✒✕✓✚ ✒✓✔✗✏✚t♣✑t✕✏❣
✘✤♣✕❢✪✕✏❣ ✓✣✗✙✤t✕✗✏✑♣✪ ✚✓✙✓❝t✕✗✏ ✗✏ ✙✏❝❘✥✦✚ ✑✚ ✑ ✘✗✘✤✙✑t✕✗✏✛ ✕✔✘✙✪✕✏❣ t✖✑t ✑t ✙✓✑✚t ✑
✚✤✜✚✓t ✕✚ ❢✤✏❝t✕✗✏✑✙ ♣✑t✖✓♣ t✖✑✏ ➇t♣✑✏✚❝♣✕✘t✕✗✏✑✙ ✏✗✕✚✓♥
✸
✩
✙✏❝❘✥✦❣✓✏✓✚ ✇✓♣✓ ✑✙✚✗ ✕✒✓✏t✕❢✕✓✒ ✕✏✒✕♣✓❝t✙✪ t✖♣✗✤❣✖ t✖✓✕♣ ✘✑tt✓♣✏✚ ✗❢ ✖✕✚t✗✏✓
✔✗✒✕❢✕❝✑t✕✗✏✚
✬✴
✩ ❘✓✑✚✗✏✕✏❣ t✖✑t ✙✏❝❘✥✦❣✓✏✓✚✔✑✪ ❝✑♣♣✪ ✚✕✔✕✙✑♣ ❝✗✔✜✕✏✑t✕✗✏✚ ✗❢
✖✕✚t✗✏✓ ✸ ✙✪✚✕✏✓ ✆ t♣✕✔✓t✖✪✙✑t✕✗✏ ✧❍✸❑✆▼✓✸★ ✑✏✒ ✖✕✚t✗✏✓ ✸ ✙✪✚✕✏✓ ✸✝ t♣✕✔✓t✖✪✙✑t✕✗✏
✧❍✸❑✸✝▼✓✸★ ✔✗✒✕❢✕❝✑t✕✗✏✚➋ ❜✏✗✇✏✔✑♣❜✓♣✚ ✗❢ ✑❝t✕✣✓ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ❣✓✏✓✚➋
♣✓✚✓✑♣❝✖✓♣✚ ✕✒✓✏t✕❢✕✓✒ ✑✘✘♣✗✰✕✔✑t✓✙✪✶✛☎☎☎ ✙✗✏❣ ✕✏t✓♣❣✓✏✕❝ ✏✗✏♥❝✗✒✕✏❣ ❘✥✦✚
✧✙✕✏❝❘✥✦✚★ ✕✏ ✖✤✔✑✏✑✏✒✔✗✤✚✓
✬✴✱✮✴✬
✩ ❚✖✓✚✓ ✙✕✏❝❘✥✦❣✓✏✓✚ ✓✰✖✕✜✕t✓✒ ✙✗✇ ✚t✓✑✒✪♥✚t✑t✓
✓✰✘♣✓✚✚✕✗✏ ✙✓✣✓✙✚ ❝✗✔✘✑♣✓✒✇✕t✖✔❘✥✦✚✛ ✏✗✇❜✏✗✇✏ t✗✜✓ ✑ ❣✓✏✓♣✑✙ ✘♣✗✘✓♣t✪ ✗❢
✙✏❝❘✥✦✚✩
✲♣✗✇✕✏❣ ✣✗✙✤✔✓✚ ✗❢ ✘✤✜✙✕❝✙✪ ✑✣✑✕✙✑✜✙✓ ❝❉✥✦ ✚✓s✤✓✏❝✓✚ ✗✘✓✏✓✒ t✖✓✇✑✪ t✗✑❝❝✤♣✑t✓
✙✏❝❘✥✦✑✏✏✗t✑t✕✗✏✚✛ ✚✕✔✕✙✑♣ t✗ t✖✗✚✓ ❢✗♣ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ❣✓✏✓✚✩ ❚✖✓ ❢✕♣✚t ❝✑t✑✙✗❣✤✓ ✗❢
✺✛✆✆✝ ✖✤✔✑✏ ✙✏❝❘✥✦ ✙✗❝✕✇✑✚ ❣✓✏✓♣✑t✓✒ ✙✑♣❣✓✙✪ ✗✏ t✖✓ ✜✑✚✕✚ ✗❢ ❝❉✥✦✚ ❢✕✙t✓♣✓✒ ✜✪ ✑✏
✗✘✓✏ ♣✓✑✒✕✏❣ ❢♣✑✔✓ ✧✳❘❋★ ✘♣✓✒✕❝t✕✗✏ t✗✗✙ ✑✏✒ ✑ ✘✕✘✓✙✕✏✓ ✜✑✚✓✒ ✗✏ t✖✓ ✘♣✗t✓✕✏ ✜✑✚✕❝
✙✗❝✑✙ ✑✙✕❣✏✔✓✏t ✚✓✑♣❝✖ t✗✗✙ ✧✭▲✦❙❚P★
✮✴✴
✩
❚✖✓ ✑✒✣✓✏t ✗❢ ❘✥✦ ✚✓s✤✓✏❝✕✏❣ ✧❘✥✦♥✚✓s★ ✒✓✔✗❝♣✑t✕❧✓✒ ✙✏❝❘✥✦✑✏✏✗t✑t✕✗✏✩❯✚✕✏❣
✗✏✙✪ ✑ ✚✓s✤✓✏❝✓♣ ✑✏✒ ✗❢❢♥t✖✓♥✚✖✓✙❢ ❝✗✔✘✤t✑t✕✗✏✑✙ t✗✗✙✚✛ ✑✏✪ ✙✑✜✗♣✑t✗♣✪✇✑✚ ✑✜✙✓ t✗
✕✒✓✏t✕❢✪ t✖✗✤✚✑✏✒✚ ✗❢ ✙✏❝❘✥✦ ✙✗❝✕ ✕✏ t✖✓✕♣ ❢✑✣✗✤♣✕t✓ ❝✓✙✙ t✪✘✓✩ ✦ ❝✓✏t♣✑✙ ♣✓s✤✕♣✓✔✓✏t ❢✗♣
t✖✕✚ ✑✘✘♣✗✑❝✖ ✕✚ t♣✑✏✚❝♣✕✘t✗✔✓ ✑✚✚✓✔✜✙✪✛ ✇✖✓♣✓✜✪ ❝✗✔✘✤t✑t✕✗✏✑✙ ✑✙❣✗♣✕t✖✔✚ ✑♣✓ ✤✚✓✒
t✗ ♣✓❝✗✏✚t♣✤❝t t✖✓ ✤✏✒✓♣✙✪✕✏❣ t♣✑✏✚❝♣✕✘t ✚t♣✤❝t✤♣✓✚ ♣✓✚✘✗✏✚✕✜✙✓ ❢✗♣ ✗✜✚✓♣✣✓✒❘✥✦♥✚✓s
♣✓✑✒✚
✻✼
✭✭✩✪✫ ✷❛✯✩ ❘✓❢✓♣✓✏❝✓♥✜✑✚✓✒✔✓t✖✗✒✚ t✖✑t ✔✑❜✓ ✤✚✓ ✗❢ ♣✓✑✒♥t✗♥❣✓✏✗✔✓
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✔✓t✖✗✒✚
✻✵
✩❋✗♣✓✔✗✚t ✑✔✗✏❣✚t ♣✓❢✓♣✓✏❝✓♥✜✑✚✓✒ ✑✚✚✓✔✜✙✓♣✚ ✑♣✓◆✤❢❢✙✕✏❜✚
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✑✏✒✛ ✔✗♣✓
♣✓❝✓✏t✙✪✛ ❙t♣✕✏❣❚✕✓
✻✷
✩ ■✏ t✖✓ ❢✕♣✚t ✑tt✓✔✘t t✗✑✘✘✙✪❘✥✦♥✚✓s t✗ ✙✏❝❘✥✦✑✏✏✗t✑t✕✗✏✛ ◆✑✜✕✙✕
✌✍ ✞✟✚
✮✴✸
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✺❿➀
⑤
✷✮P❚✮❊❇✮✭ ✟✠✡☛
⑤
❊✥☞✬❊✮ ✡✌
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❛✁❞ ❡✟☎❛✉st✐✈❡✁❡ss ❛✄❡ ✐♠♣♦ss✐❢❧❡ t♦ ❞❡ ✐✁❡♥ ❛s ✇❡ ❞♦
✁♦t ❦✁♦✇ t☎❡ t♦t❛❧ ✁✉♠❢❡✄ ♦  ❧✁✆✕◆❆ ✂❡✁❡s ♦✄ t✄❛✁✲
s✆✄✐♣ts✳ ◆❡✈❡✄t☎❡❧❡ss♥ ✇❡ ✆❛✁ ❛t ❧❡❛st ✆♦♠♣❛✄❡ ♣✄♦✟✐❡s
 ♦✄ t☎❡s❡ ♠❡t✄✐✆s ❢❡t✇❡❡✁ ❛✁✁♦t❛t✐♦✁s ✭★✩❇✪✫ ✬✯ t♦ ✂❡t
❛ ✆♦♠♣❛✄❛t✐✈❡ ♣✐✆t✉✄❡✳ ❃② ✆♦✁t✄❛st♥ ❛ ♠✐✁✐♠✉♠ ❢♦✉✁❞
✆❛✁ ❢❡ ♣❧❛✆❡❞ ♦✁ ✆♦♠♣❧❡t❡✁❡ss♥ ♦✇✐✁✂ t♦ t☎❡ ❛✈❛✐❧❛✲
❢✐❧✐t② ♦  ✐✁❞❡♣❡✁❞❡✁t ❡✈✐❞❡✁✆❡  ♦✄ t✄❛✁s✆✄✐♣t ✥✤ ❛✁❞ ✠✤
❢♦✉✁❞❛✄✐❡s✳
❃❛s❡❞ ♦✁ t☎❡s❡ t☎✄❡❡ ♠❡t✄✐✆s♥ ✇❡ ☎❛✈❡ ✆♦♠♣❛✄❡❞
t☎❡ ❞✐s✆✉ss❡❞ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ✭✭✩✪✫ å❝✯
✳ ✜♦st st✄✐❦✲
✐✁✂ ✐s t☎❡ ✂❡✁❡✄❛❧ ❛✁t✐✲✆♦✄✄❡❧❛t✐♦✁ ❢❡t✇❡❡✁ ✆♦♠♣✄❡✲
☎❡✁s✐✈❡✁❡ss ❛✁❞ ✆♦♠♣❧❡t❡✁❡ss✳ ✢✁ ♦t☎❡✄ ✇♦✄❞s♥ t☎❡✄❡
✐s ❛ t✄❛❞❡✲♦   ❢❡t✇❡❡✁ q✉❛❧✐t② ❛✁❞ s✐✘❡❄ s♠❛❧❧❡✄ ❛✁✁♦✲
t❛t✐♦✁s t❡✁❞ t♦ ☎❛✈❡ ☎✐✂☎❡✄ ✆♦♠♣❧❡t❡✁❡ss ✥❛❧t☎♦✉✂☎
t☎✐s ✄❡♠❛✐✁s ❧♦✇ ✐✁ ❛❢s♦❧✉t❡ t❡✄♠s✮ ❛✁❞ ✈✐✆❡ ✈❡✄s❛✳
❆♠♦✁✂st t☎❡ s♠❛❧❧❡✄ ❛✁✁♦t❛t✐♦✁s♥ ❃✢✗✠✄❛✁s✆✄✐♣t♦♠❡
✐s t☎❡ ❧❡❛❞❡✄ ✐✁ t❡✄♠s ♦  ✆♦♠♣❧❡t❡✁❡ss♥ ❛❧t☎♦✉✂☎ ✇✐t☎
❧♦✇ ✁✉♠❢❡✄s ♦  ❛✁✁♦t❛t❡❞ t✄❛✁s✆✄✐♣ts ♣❡✄ ✂❡✁❡✳ ✠☎❡
t✇♦ ♠❛✁✉❛❧ ❛✁✁♦t❛t✐♦✁s♥ ✗✰◆❈s✝✰ ❛✁❞ ✕❡ ✤❡q♥
☎❛✈❡ ✆♦♠♣❛✄❛❢❧❡ ♣✄♦ ✐❧❡s✳ ✞♦✄ t☎❡ ❧❛✄✂❡✄ ❛✁✁♦t❛✲
t✐♦✁s♥ ✜✐✠✄❛✁s✆✄✐♣t♦♠❡ ☎❛s ❥✉st  ✳ ✚ ♦  ✆♦♠♣❧❡t❡
✥ ✉❧❧✲❧❡✁✂t☎✮ t✄❛✁s✆✄✐♣t ♠♦❞❡❧s ✭✭✩✪✫ å❝✯
♥ ✇☎✐✆☎ ✐s ♠♦st
❧✐❦❡❧② t☎❡ ✄❡s✉❧t ♦  ✐ts ❞❡♣❡✁❞❡✁✆❡ ♦✁ t✄❛✁s✆✄✐♣t♦♠❡
❛ss❡♠❢❧②✳ ◆s◆❈s✝✰ ❢❡❛ts ✜✐✠✄❛✁s✆✄✐♣t♦♠❡ ✐✁ s✐✘❡
❛✁❞ ✆♦♠♣❧❡t❡✁❡ss ❢✉t ✇✐t☎ ❧♦✇❡✄ ❡✟☎❛✉st✐✈❡✁❡ss✳
✞❆◆✠s✜ ❈❆✠ ✄❡♣✄❡s❡✁ts ❛ ✆♦♠♣✄♦♠✐s❡ ❢❡t✇❡❡✁
✆♦♠♣❧❡t❡✁❡ss ❛✁❞ ✆♦♠♣✄❡☎❡✁s✐✈❡✁❡ss✳s  ✁♦t❡♥ ✇❡  ✐✁❞
s✉❢st❛✁t✐❛❧❧② ❧♦✇❡✄ ✥✤ ✆♦♠♣❧❡t❡✁❡ss t☎❛✁ ♦✄✐✂✐✁❛❧❧②
✄❡♣♦✄t❡❞
✹✺
♥ ✇☎✐✆☎ ✐s ❞✉❡ t♦ t☎❡ ✉s❡ ♦  ♠♦✄❡ st✄✐✁✂❡✁t
❈❆✗✰ ✆✉t✲♦   t☎✄❡s☎♦❧❞s❄ ♦✁❧② ✄♦❢✉st ❈❆✗✰ ✆❧✉st❡✄s
✥✞❆◆✠s✜✥ ♣☎❛s❡ ✙✶s ✄♦❢✉st ✥✆ ❂ s❆✙♥✝❆s✮✮ ✇❡✄❡
✆♦✁s✐❞❡✄❡❞♥ ❛✁❞ ✞❆◆✠s✜✥ ♣☎❛s❡ s ✉✁ ✐❧t❡✄❡❞ ❈❆✗✰
✆❧✉st❡✄s ✥✆❂ ♥s✙✝♥ ✠❆✮ ✇❡✄❡ ❞✐s✆❛✄❞❡❞ ♦✇✐✁✂ t♦ t☎❡✐✄
s❡❡♠✐✁✂❧② ☎✐✂☎ ❢❛✆❦✂✄♦✉✁❞ ✄❛t❡✳
✝❛t❛ ❛✄❡ ❛❧s♦ ❞✐s♣❧❛②❡❞  ♦✄ ♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✂❡✁❡s
❛s ❛ ✄❡ ❡✄❡✁✆❡♥ ✇✐t☎ t☎❡ ❛ss✉♠♣t✐♦✁ t☎❛t t☎❡✐✄ ❛✁✁♦t❛✲
t✐♦✁ ✐s ♦  t☎❡ ☎✐✂☎❡st q✉❛❧✐t②✳ ✠☎❡ ♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✂❡✁❡
❛✁✁♦t❛t✐♦✁ s☎♦✉❧❞ ❢❡ ✆♦♠♣✄❡☎❡✁s✐✈❡♥ ❛s ✁♦t ♠❛✁② ❛✄❡
❡✟♣❡✆t❡❞ t♦ ✄❡♠❛✐✁ ✉✁❞✐s✆♦✈❡✄❡❞
✻✸
✳ ✉❡ ❛❧s♦ ✐✁✆❧✉❞❡❞ ❛
✄❡✆❡✁t❧② ✂❡✁❡✄❛t❡❞ s❡t ♦   ✉❧❧✲❧❡✁✂t☎ ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣t
♠♦❞❡❧s ♣✄♦❞✉✆❡❞ ✉s✐✁✂ ✆❛♣t✉✄❡ ❧♦✁✂✲✄❡❛❞ s❡q✉❡✁✆✐✁✂
✥❈✱✤✮ t❡✆☎✁♦❧♦✂② ✥❞✐s✆✉ss❡❞ ❢❡❧♦✇✮
✷✛
✳ ✠☎❡s❡ ♠♦❞✲
❡❧s ❞✐s♣❧❛② ☎✐✂☎ ✆♦♠♣❧❡t❡✁❡ss♥ ✐✁ ♣❛✄t ❢❡✆❛✉s❡ t☎❡✐✄
✥✤ ❡✁❞s ✇❡✄❡ ❞❡ ✐✁❡❞ ✉s✐✁✂ t☎❡ s❛♠❡ ❈❆✗✰ ❞❛t❛ ❛s
✉s❡❞ ☎❡✄❡  ♦✄ ❡✈❛❧✉❛t✐♦✁✳ ✢✁✆♦✄♣♦✄❛t✐♦✁ ♦  ❈✱✤ ♠♦❞✲
❡❧s ✐✁t♦ ✗✰◆❈s✝✰ ✄❡s✉❧t❡❞ ✐✁ ❛✁ ✐♠♣✄♦✈❡❞ ❛✁✁♦t❛✲
t✐♦✁♥ ✗✰◆❈s✝✰② ✭★✩❇✪✫ ✬✯
♥ ✇✐t☎ ❞✄❛♠❛t✐✆❛❧❧② ☎✐✂☎❡✄
✆♦♠♣❧❡t❡✁❡ss✳ ✢t ✐s ✁♦t❡✇♦✄t☎② t☎❛t ✗✰◆❈s✝✰②☎❛s ❛
s❧✐✂☎t❧② ✄❡❞✉✆❡❞ ✂❡✁❡ ✆♦✉✁t ❛s ❛ ✄❡s✉❧t ♦  ✉✁✐ ②✐✁✂ ❛✄t❡✲
 ❛✆t✉❛❧❧② s❡♣❛✄❛t❡ ✂❡✁❡ ♠♦❞❡❧s ✐✁ ❡✟✐st✐✁✂ ❛✁✁♦t❛t✐♦✁s✳
s✁❡ ✐♠♣♦✄t❛✁t ✆❛✈❡❛t ♦  t☎✐s ❛✁❛❧②s✐s ✐s t☎❛t ❈❆✗✰
✆❧✉st❡✄s ✉s❡❞  ♦✄ ✥✤✲❡✁❞ ❞❡ ✐✁✐t✐♦✁ ❛✄❡ ❡✟♣✄❡ss✐♦✁✲
❞❡♣❡✁❞❡✁t ❛✁❞ ♦✁❧② ❛✈❛✐❧❛❢❧❡  ♦✄ ❛ ❞❡ ✐✁❡❞ s❡t ♦  t✐s✲
s✉❡s✳ ✠☎✐s ❧✐❦❡❧② ❛✆✆♦✉✁ts♥ ❛t ❧❡❛st ✐✁ ♣❛✄t♥  ♦✄ t☎❡  ❛✆t
t☎❛t ♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✂❡✁❡s ☎❛✈❡ ❛♣♣❛✄❡✁t ✥✤ ✆♦♠♣❧❡t❡✲
✁❡ss❁✙❆❆✚ ✭✭✩✪✫ å❞✯ ❛✁❞ ✇✐❧❧ ❛❧s♦ ✉✁❞❡✄❡st✐♠❛t❡ ✆♦♠
✲
♣❧❡t❡✁❡ss ♦  ❧♦✇❡✄ ❡✟♣✄❡ss❡❞ ❧✁✆✕◆❆s✳ ❍♦✇❡✈❡✄♥ ✐t ✐s
❛❧s♦ ♣♦ss✐❢❧❡ t☎❛t s♦♠❡ ♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✂❡✁❡ ❛✁✁♦t❛t✐♦✁s
✄❡♠❛✐✁ ✐✁✆♦♠♣❧❡t❡✳
✠☎❡ ✉s❡ ♦  ♣✄♦✟✐❡s  ♦✄ ✆♦♠♣✄❡☎❡✁s✐✈❡✁❡ss ✥✁✉♠❢❡✄s
♦  ❧♦✆✐✮ ❛✁❞ ❡✟☎❛✉st✐✈❡✁❡ss ✥t✄❛✁s✆✄✐♣ts ♣❡✄ ✂❡✁❡✮♠❛❦❡s
t☎❡ ❦❡② ❛ss✉♠♣t✐♦✁ t☎❛t ✁♦  ❛❧s❡✲♣♦s✐t✐✈❡ ❛✁✁♦t❛t✐♦✁s
❡✟✐st✳ ✠☎✐s ❛ss✉♠♣t✐♦✁ ✐s ♣✄♦❢❛❢❧② ✐✁✆♦✄✄❡✆t ❛✁❞ ✇✐❧❧
❛  ❡✆t s♦♠❡ ❛✁✁♦t❛t✐♦✁s ♠♦✄❡ t☎❛✁ ♦t☎❡✄s✳ ✢✁ ♣❛✄t✐✲
✆✉❧❛✄♥ ❛ss❡♠❢❧②✲❢❛s❡❞ ✆♦❧❧❡✆t✐♦✁s ♠❛② ☎♦❧❞ s✉❢st❛✁t✐❛❧
✁✉♠❢❡✄s ♦   ❛❧s❡✲♣♦s✐t✐✈❡ t✄❛✁s✆✄✐♣ts✳ ✢✁s♣❡✆t✐♦✁ ♦ 
s♣❧✐✆❡ ❥✉✁✆t✐♦✁s s✉♣♣♦✄ts t☎❡ ✐❞❡❛ t☎❛t ✆❡✄t❛✐✁ ❛✁✁♦t❛✲
t✐♦✁s♥ ♣❛✄t✐✆✉❧❛✄❧② ◆s◆❈s✝✰♥ s✉  ❡✄  ✄♦♠ ☎✐✂☎ ✄❛t❡s
♦   ❛❧s❡✲♣♦s✐t✐✈❡ st✄✉✆t✉✄❡s ✭✭✩✪✫ å❡✯
✳
s✈❡✄❛❧❧♥ t☎✐s ❛✁❛❧②s✐s ✐❧❧✉st✄❛t❡s t☎❡ st✄❡✁✂t☎s ❛✁❞
✇❡❛❦✁❡ss❡s ♦  ✆♦✁t❡♠♣♦✄❛✄② ❛✁✁♦t❛t✐♦✁s✳ ✢t ☎✐✂☎❧✐✂☎ts
t☎❡ ✂✄❡❛t s✆♦♣❡  ♦✄ ✐♠♣✄♦✈✐✁✂ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s♥
 ✐✄st♥ ❢② ✐✁✆✄❡❛s✐✁✂ t☎❡✐✄ ✆♦♠♣❧❡t❡✁❡ss t♦ ❧❡✈❡❧s ♦❢s❡✄✈❡❞
 ♦✄ ♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✂❡✁❡s ❛✁❞♥ s❡✆♦✁❞♥ ❢② ✐♠♣✄♦✈✐✁✂
t☎❡✐✄ ✆♦♠♣✄❡☎❡✁s✐✈❡✁❡ss ❢② ♠❡✄✂✐✁✂ ❞✐✈❡✄s❡ ❛✈❛✐❧❛❢❧❡
✄❡s♦✉✄✆❡s✳
❙✕✒✑✓✔✣ ✕✖ ✢✘✓✕ ✧✗✔✏✔✘✔✣✣★✠☎❡ ❧❛✆❦ ♦  ✆♦♠♣❧❡t❡✁❡ss ✐✁
❡✟✐st✐✁✂ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ♠❛② ❢❡ t✄❛✆❡❞ t♦ s❡✈❡✄❛❧
☎✐st♦✄✐✆❛❧ ❛✁❞ t❡✆☎✁✐✆❛❧  ❛✆t♦✄s✳ ✆✝◆❆ ♠♦❧❡✆✉❧❡s ♦ t❡✁
t❡✁❞ t♦ ❢❡ ✥✤ t✄✉✁✆❛t❡❞♥ ♦✇✐✁✂ t♦ ❛ ✆♦♠❢✐✁❛t✐♦✁ ♦  ✕◆❆
❞❡✂✄❛❞❛t✐♦✁ ❛✁❞ t☎❡ t❡✁❞❡✁✆② ♦  ✄❡✈❡✄s❡ t✄❛✁s✆✄✐♣t❛s❡
♠♦❧❡✆✉❧❡s t♦ ❞✐s❡✁✂❛✂❡ ❢❡ ♦✄❡ ✄❡❛✆☎✐✁✂ t☎❡ ✥✤ ❡✁❞ ♦ 
t☎❡ t❡♠♣❧❛t❡ ✕◆❆♥ ♦ t❡✁ ❛s ❛ ✄❡s✉❧t ♦  ✕◆❆ s❡✆♦✁❞❛✄②
st✄✉✆t✉✄❡s
✻✹
✳ ✢✁ s☎♦✄t✲✄❡❛❞ ✕◆❆✲s❡q♥ ❛ ✄❛✁✂❡ ♦  ♣✄♦✆❡ss❡s
✆✄❡❛t❡ ✁♦✁✲✉✁✐ ♦✄♠✐t② ✐✁ ✄❡❛❞ ✆♦✈❡✄❛✂❡♥ ♣❛✄t✐✆✉❧❛✄❧② ❛t
t☎❡ ✥✤ ❛✁❞ ✠✤ ❡✁❞s
✻✺
✳ ✠♦✂❡t☎❡✄♥ t☎❡s❡  ❛✆t♦✄s ✐✁t✄♦❞✉✆❡ ❛
t❡✁❞❡✁✆②  ♦✄ s☎♦✄t✲✄❡❛❞ ❛ss❡♠❢❧✐❡s ❛✁❞ ✆✝◆❆ ❧✐❢✄❛✄✐❡s♥
✉♣♦✁ ✇☎✐✆☎ ♠♦st ❛✁✁♦t❛t✐♦✁s ❛✄❡ ❢❛s❡❞♥ t♦ ❢❡ ✥✤ ❛✁❞ ✠✤
✐✁✆♦♠♣❧❡t❡
✸✹✱✸✺✱✹✺✱✻✻
✳
✜♦✄❡ ✂❡✁❡✄❛❧❧②♥ t☎❡ ❛ss❡♠❢❧② ♦  t✄❛✁s✆✄✐♣t♦♠❡s
 ✄♦♠ s☎♦✄t ✄❡❛❞s ✐s ✐✁☎❡✄❡✁t❧② ✆☎❛❧❧❡✁✂✐✁✂✳ ❆ss❡♠❢❧②
❇✝✞ ✸
⑤
❯❁❀✸☛ ✁✻✂✄☎✁ ✷✸✹✺✻✼ ✽✸✸✾✿✽✿❀✾✸❁
♠❆❂❉▼❂✈❉▼❉■❛
❚✖✓ ✲❊✥◆✳❉❊✑✏✏✗t✑t✕✗✏ ✗❢ ✙✗✏❣ ✏✗✏♥❝✗✒✕✏❣ ❘✥✦✚ ✧✙✏❝❘✥✦✚★ ✕✚ ♣✓✙✓✑✚✓✒ ✕✏ ✑✙✕❣✏✔✓✏t
✇✕t✖ ✣✓♣✚✕✗✏✓✒ ❊✏✚✓✔✜✙ ✤✘✒✑t✓✚✩▼✗✤✚✓ ♣✓✙✓✑✚✓✚ ✑♣✓ ✘♣✓❢✕✰✓✒▼✹ t✖✓✔✗✚t ♣✓❝✓✏t
✖✤✔✑✏ ♣✓✙✓✑✚✓ ✕✚ ✲❊✥◆✳❉❊✣✄✈ ✑✏✒ ❢✗♣✔✗✤✚✓ ✣▼✶✺✩ ❋✤✙✙ ✲❊✥◆✳❉❊✑✏✏✗t✑t✕✗✏✚ ✑♣✓
✑✣✑✕✙✑✜✙✓ ✕✏✲❚❋ ✑✏✒✲❋❋✸ ❢✗♣✔✑t✚ ❢♣✗✔ t✖✓ ❊✏✚✓✔✜✙ ✑✏✒❯✏✕✣✓♣✚✕t✪ ✗❢◆✑✙✕❢✗♣✏✕✑ ❙✑✏t✑
◆♣✤❧ ❣✓✏✗✔✓✜♣✗✇✚✓♣✚ ✑✏✒ ❢♣✗✔❣✓✏❝✗✒✓❣✓✏✓✚✩✗♣❣✩ ❙✓✘✑♣✑t✓ ❢✕✙✓✚ ❝✗✏t✑✕✏✕✏❣ ✗✏✙✪
✙✏❝❘✥✦ t♣✑✏✚❝♣✕✘t✚ ✑♣✓ ✑✙✚✗ ✑✣✑✕✙✑✜✙✓✩ ❚✖✓✲❊✥◆✳❉❊ ✚✕t✓ ✑✙✚✗ ✖✗✤✚✓✚ ✑ ❢✤✙✙ ✑♣❝✖✕✣✓ ✗❢
✘♣✓✣✕✗✤✚ ♣✓✙✓✑✚✓✚ ✑✏✒ t✖✓✕♣ ✚t✑t✕✚t✕❝✚✩
❥❉❊■❛❍❄❈
✦ ❢✤✙✙ ✒✓✚❝♣✕✘t✕✗✏ ✗❢ ✑✙✙ ✲❊✥◆✳❉❊ ✙✏❝❘✥✦✜✕✗t✪✘✓✚ ✕✚ ✘♣✓✚✓✏t✓✒ ✕✏ t✖✓❍✦❱✦✥✦
✑✏✏✗t✑t✕✗✏❣✤✕✒✓✙✕✏✓✚
✮✴✺
✩ ▼✗♣✓ ♣✓❝✓✏t✙✪✛ ✜✕✗t✪✘✓✚ ♣✓✙✑t✕✏❣ t✗ ✗t✖✓♣❣✓✏✗✔✕❝ ❢✓✑t✤♣✓✚
✖✑✣✓ ✜✓✓✏✑✒✒✓✒ ✑✏✒ ✑♣✓ ✜✓✕✏❣ ✘✗✘✤✙✑t✓✒✹ ❢✗♣ ✓✰✑✔✘✙✓✛ ✑ ➅✜✕✒✕♣✓❝t✕✗✏✑✙♥✘♣✗✔✗t✓♣
✙✏❝❘✥✦✽ ✒✓✚❝♣✕✜✓✚ ✑ ✙✗❝✤✚ ✇✖✓♣✓ ✑ ✙✏❝❘✥✦ ✙✕✓✚ ✗✏ t✖✓ ✗✘✘✗✚✕t✓ ✚t♣✑✏✒ t✗✑
✘♣✗t✓✕✏♥❝✗✒✕✏❣ ❣✓✏✓ ✑✏✒ t✖✓♣✓ ✕✚ ✓✣✕✒✓✏❝✓➋ ❢✗♣ ✓✰✑✔✘✙✓✛ ❢♣✗✔ ❝✑✘ ✑✏✑✙✪✚✕✚ ✗❢ ❣✓✏✓
✓✰✘♣✓✚✚✕✗✏ ✧◆✦✲❊★ ✒✑t✑➋ t✖✑t t✖✓✕♣ t♣✑✏✚❝♣✕✘t✕✗✏ ✚t✑♣t ✚✕t✓✚ ✙✕✓ ✇✕t✖✕✏ ✑✇✕✏✒✗✇
✗❢ ✄☎☎✜✘✩
✭✕✗t✪✘✓ ✙✑✜✓✙✚ ✚✖✗✤✙✒ ✜✓ ✓✔✘✙✗✪✓✒✇✕t✖ ❝✑✤t✕✗✏ ✑✚ t✖✓✪ t✓✏✒ t✗✓✰✖✕✜✕t
❝✗✏✚✕✒✓♣✑✜✙✓ ✕✏✓♣t✕✑✩ ✦✚ t✖✓✪ ✑♣✓ ✒✓❢✕✏✓✒✇✕t✖ ♣✓❢✓♣✓✏❝✓ t✗ ✏✓✑♣✜✪ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ❣✓✏✓
✚t♣✤❝t✤♣✓✚✛ ✑✏✪ ❝✖✑✏❣✓✚ ✕✏ t✖✗✚✓ ✚t♣✤❝t✤♣✓✚ ❝✑✏ ✙✓✑✒ t✗✑ ❝✖✑✏❣✓ ✕✏ t✖✓ ✜✕✗t✪✘✓✩ ■❢
✤✚✓♣✚ ♣✓s✤✕♣✓ ✤✘♥t✗♥✒✑t✓ ✜✕✗t✪✘✓ ✕✏❢✗♣✔✑t✕✗✏✛ ✕t ✕✚ ♣✓❝✗✔✔✓✏✒✓✒ t✗ ♣✓❣✓✏✓♣✑t✓ t✖✓✔✛
❢✗♣ ✓✰✑✔✘✙✓✛ ✜✪ ✤✚✕✏❣ t✖✓ ✙✏❝♣✏✑✩✑✏✏✗t✑t✗♣ ✚❝♣✕✘t ✗♣ t✖✓ ❝✙✑✚✚✕❢✕✓♣✔✗✒✤✙✓✇✕t✖✕✏
❋❊❊▲✏❝
✮✴✻
✩
●❨◆❱●✆❨ ❱❊❃❍❇❄◗❄❋❈❉❆❄ ❆❄❇❈❬❈ ●❨◆❱●✆❨ ❥❂❈❉❖
✲❊✥◆✳❉❊◆✗✔✘♣✓✖✓✏✚✕✣✓ ❝✗✔✘♣✕✚✓✚ t✖✓ ✓✏t✕♣✓ ✑✏✏✗t✑t✕✗✏ ✗❢ t♣✑✏✚❝♣✕✘t✔✗✒✓✙✚✩
✦✚ ✙✏❝❘✥✦✑✏✏✗t✑t✕✗✏✚ ✜✓❝✗✔✓ ✕✏❝♣✓✑✚✕✏❣✙✪ ❝✗✔✘✙✓✰✛ ✑ ✏✓✓✒ ✑♣✕✚✓✚ ❢✗♣ ✑ ✚✕✔✘✙✕❢✕✓✒
✑✏✏✗t✑t✕✗✏❧✲❊✥◆✳❉❊✭✑✚✕❝✩ ✲❊✥◆✳❉❊✭✑✚✕❝ ❝✗✏t✑✕✏✚ ✑t ✙✓✑✚t ✗✏✓ t♣✑✏✚❝♣✕✘t ❢✗♣ ✓✣✓♣✪
❣✓✏✓ ✙✗❝✤✚✛ ✓✏✚✤♣✕✏❣ ❢✤✙✙ ❣✓✏✓ ♣✓✘♣✓✚✓✏t✑t✕✗✏✩ ❋✗♣ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ✙✗❝✕✛ ✑✙✙ ❝✗✒✕✏❣
t♣✑✏✚❝♣✕✘t✚ ✇✕t✖ ❢✤✙✙♥✙✓✏❣t✖ ❝✗✒✕✏❣❉✥✦ ✚✓s✤✓✏❝✓ ✧t✖✑t ✕✚✛ ✦❚✲ t✗ ✚t✗✘ ❝✗✒✗✏★ ✑♣✓
✕✏❝✙✤✒✓✒ ✕✏ t✖✓ ✭✑✚✕❝ ✚✓t✩ ❋✗♣ ❝✗✔✘✙✓✰ ✙✏❝❘✥✦ ✙✗❝✕✛ t✖✓ ✭✑✚✕❝ ✚✓t ✕✚ ❣✓✏✓♣✑t✓✒ ✜✪
✕✏❝✙✤✒✕✏❣ t✖✓✔✕✏✕✔✑✙ ✚✓t ✗❢ t♣✑✏✚❝♣✕✘t✚ t✖✑t ❝✑✘t✤♣✓❃✽☎✝ ✗❢ t✖✓ ✚✘✙✕❝✓ ✚✕t✓✚✩
➞ ✟✠✡☛☞✌✍✎✏✑✑✌✒ ✓✉✔✑✏✕✖✗✘✕ ✙✏✎✏✚✗❡✛ ✜✌✘✚ ✢✣ ✤✜✘✏✒✥✗✘ ✦✌✚✉✘✗✧ ★✑✑ ✘✏✥✖✚✕ ✘✗✕✗✘✩✗❡✧
◆✞❚✟✠✡ ✠✡❊☛✡☞✌
⑤
✥✍✎✍✏✑✒✓
❘✁✂ ✄✁☎✆
❊✥☞✬❊✮ ✡✌
⑤
✷✮P❚✮❊❇✮✭ ✟✠✡☛
⑤
✺✺✔
168 PUBLICATIONS
✻✾ ✁✻
❧
✂
✄
☎
✆
✝
✞
✟
✂
✟
✠
✡
✂
☛
✁✾✻ ✾
✶✾✾☞ ✾
✶✌✾☞✍✾
✶✎✾☞✍✍
✶✎✾✍✍☞
✵
✺✏✵✵✵
✑✵✏✵✵✵
✑✺✏✵✵✵
✷✵✏✵✵✵
❞ ❖✒❡✓✔✕✖ ✗✘ ✕✙✙✗✚✕✚✛✗✙✜
✷✺ ✺✵ ✼✺ ✑✵✵
✪ ★❙✵✲✻✸
✫✬✭✯✰✪ ❣✻✬✻✴
◆
✢
◆
✣
✢
✤
✥
▼
✦
✧
r
❛
★
✩
✫
r
✦
✐
✬
✭
✮
✯
❋
❆
◆
✧
✢
▼
✣
❆
✧
❘
✯
✰
✱
✯
✲
●
✥
◆
✣
✢
✤
✥
❇
✳
●
✧
r
❛
★
✩
✫
r
✦
✐
✬
✭
✮
✯
✴
✸
✹
✽
✿
❀
✸
❁
❂
✴
✸
✹
✽
✿
❀
✸
❃
✴
✸
✹
✽
✿
❀
✸
❄
❅
✴
✸
✹
✽
✿
❀
✸
❄
❈
✴
✸
✹
✽
✿
❀
✸
❉
❄
✴
✸
✹
✽
✿
❀
✸
❉
❃
✑✵✵❊ ✼✺❊ ✺✵❊ ✷✺❊ ✵❊ ✵❊ ✷✺❊ ✺✵❊ ✼✺❊ ✑✵✵❊
✪ ❈✪✿❩❭❍❵ ✎■ ✻✬✸✴
❈❏★ ❑❏
✩✲✳✱✻✺✬❜✭✳✸✺✬❣
✰▲✰❈▲P❩
◗✺✧✲✵✬✴✭✲✺✹✱✳❲✻
❑✪✰✧▲◗❈✪✧
✯✻✐★✻✲
❨■✿✧✲✵✬✴✭✲✺✹✱✳❲✻
✿❩✰❈▲P❩
✿❩✰❈▲P❩❍
✶✾✻✻✻
❙✎✾❙✍✁
❚❚❯❱❲❳
❨❩❯❩❬❨
❨❨❯❚❱❩
❲❯❚❬❚
❱❭❯❲❲❨
❱❪❯❱❲❳
❱❳❯❲❳❳
❱❯❪❬❬
❪❱❯❬❳❭
❱❫❯❩❚❨
❲❯❳❲❬
❱❬❯❳❫❪
❨❯❲❩❩
❳❯❬❩❫
❬❯❬❲❚
❫❯❩❱❩
❴❵❜ ❴❝❜ ❴❞❜ ❜ ❞❜ ❴❵❜ ❴❝❜ ❴❞❜ ❜ ❞❜
❜❢❜
❜❢❞
❜❢❝
❜❢❵
❜❢❜
❜❢❞
❜❢❝
❜❢❵
❜❢❜
❜❢❞
❜❢❝
❜❢❵
❣
❤
❥
❦
♠
♥
♦
♣qqst✉✈✇ ①✈②✈✇
③④④
③④④
③④④
③④④
③④④
③④④
⑤⑥⑦⑥
⑧⑨⑦⑩
⑨⑤
❶⑥⑦⑨
❷⑩
❸⑧⑦⑧
⑥④⑦⑨
⑨⑧⑦③
⑨❸⑦❷
⑨④⑦❶
⑤⑥⑦⑩
⑤⑨⑦⑤
❸⑧⑦⑥
⑧⑥⑦❷
⑧⑩⑦❶
③❷⑦⑥
③③⑦❷
⑤❸⑦⑤
❸❸
⑩⑥⑦⑧
⑤③⑦⑤
❶⑦⑧
⑤⑧⑦⑥
⑩❸⑦⑨
⑥⑨⑦⑧
⑤⑤⑦③
③③⑦⑥
⑤❷⑦⑥
⑩⑧⑦⑩
❷❷⑦⑥
❹❺❹❻❺❼❽
❾❿➀➁➂➃➄➅➁❿➆➇➈➉➊
➋➌❹➀❺❾ ❻➌➀
➍➊➎➏➊➐
➑❽❹❻❺❼❽
➒➓➑➀➁➂➃➄➅➁❿➆➇➈➉➊
➔ →➣↔↕➙➛ ↔➜ ➝➞➞↔➙➝➙➟↔➞➠
➡ ➢➤➝➥➟➙➦ ↔➜ ➝➞➞↔➙➝➙➟↔➞➠
➧ ➨➈➩➫➭➌➯ ➉➈➇❿➎➭➲➯ ➳■ ➊➃➵➄
➏➆➩❿➅➊ ➄❿➇➊ ➄➅➈➁➊
❹❺❹❻❺❼❽
❾❿➀➁➂➃➄➅➁❿➆➇➈➉➊
➋➌❹➀❺❾❻➌➀
➍➊➎➏➊➐
➑❽❹❻❺❼❽
➒➓➑➀➁➂➃➄➅➁❿➆➇➈➉➊
➨➁➈➇➊❿➃➸➅➈➵❿➃➺
➍➂➃➵➈➉
➻➼➽➾➚➪➶➪➹➘➴➷➪➹➪➘➘
➬➮➱✃❐❒❮ ❰Ï Ð❒➮❒ Ñ❰ÒÓÔ
Õ
Ö
×
Ø
Ù
Ú
Û
Ú
Ü
Ú
Ý
Ý
Þ
ß
à
á
â
ã
ä
å
æ
å
ß
ß
ç
è
è
é
è
ê
æ
ë
ã
ì
ã
à
á
æ
í
â
à
ä
î
ã
ä
å
æ
ï
å
ð
ê
è
í
ñ
òóôõö÷øùúûüû÷÷
➭➇➁➂➃➄➅➁❿➆➇➄ ➆➊➁
➺➊➃➊ ➩➈➅ý➄➯
þüß❧ ✁ ßõøõþ✂✄öû
✵☎
✶✵☎
✷✵☎
✸✵☎
✵ ✷✵✆✵✵✵ ✹✵✆✵✵✵ ✻✵✆✵✵✵ ✽✵✆✵✵✵
✺✵☎
✼✺☎
➑❽❹❻❺❼❽➲
➑❽❹❻❺❼❽
➒➓➑➀➁➂➃➄➅➁❿➆➇➈➉➊
➍➊➎➏➊➐
➋➌❹➀❺❾ ❻➌➀
❾❿➀➁➂➃➄➅➁❿➆➇➈➉➊
❹❺❹❻❺❼❽
➨➁➈➇➊❿➃➸➅➈➵❿➃➺
❻❈➏ ➋❈
✝
➳
✞
✟
❞ ✠■ õü✥ ✡■ ø☛õü÷ß☛ù❛ø ß✂☞❛þûøûüû÷÷
❡ ❙ø☛ûü✄øô ✂✌ ÷❛þùßû ÷ùøû÷
P
✍
♦
✎
✏
✑
♥
❝
♦
✒
✑
♥
✓
✔
♥
❝
✕
✖
✗
✘
✕
❘
♥
✒
♦
✙
➞ ✟✠✡☛☞✌✍✎✏✑✑✌✒ ✓✉✔✑✏✕✖✗✘✕ ✙✏✎✏✚✗❡✛ ✜✌✘✚ ✢✣ ✤✜✘✏✒✥✗✘ ✦✌✚✉✘✗✧ ★✑✑ ✘✏✥✖✚✕ ✘✗✕✗✘✩✗❡✧
ûûûüýþß✉r❡ü❝ ♠✴ýr❣
❘✁✂ ✄✁☎✆
✺✚✛
⑤
✷✮P❚✮❊❇✮✭ ✟✠✡☛
⑤
❊✥☞✬❊✮ ✡✌
III. Towards a complete map of human lncRNAs 169
♣✄♦✂✄❛♠s♥ ✐✁✆❧✉❞✐✁✂ t☎❡ ✇✐❞❡❧② ✉s❡❞ ❈✉  ❧✐✁❦s
✻✛
♥ ☎❛✈❡
☎✐✂☎ ❡✄✄♦✄ ✄❛t❡s✳ ✉☎❡✄❡❛s ❡✟♦✁s ❛✄❡ ✐❞❡✁t✐ ✐❡❞ ✇✐t☎
✄❡❛s♦✁❛❢❧❡ s❡✁s✐t✐✈✐t②♥ t☎❡✐✄ ❛ss❡♠❢❧② ✐✁t♦ ✆♦✄✄❡✆t t✄❛✁✲
s✆✄✐♣ts ✐s ♣❛✄t✐✆✉❧❛✄❧② ❞✐  ✐✆✉❧t
✻✽
✳ ✤✐♠✉❧❛t✐♦✁s ❛✆✄♦ss ❛
✄❛✁✂❡ ♦  ❛ss❡♠❢❧② ♣✄♦✂✄❛♠s ❞❡♠♦✁st✄❛t❡ ❛ ♠❡❛✁ s❡✁✲
s✐t✐✈✐t② ♦  ♦✁❧②  ✙✚ ✐✁ ❛ss❡♠❢❧✐✁✂ ❡✟♣✄❡ss❡❞ ✂❡✁❡s♥
❞✄♦♣♣✐✁✂ t♦ s✙✚ ❛t t☎❡ t✄❛✁s✆✄✐♣t ❧❡✈❡❧
✻✽
✳ ✠☎❡ ♠❛❥♦✄✲
✐t② ♦  s✉✆☎ t✄❛✁s✆✄✐♣t ♠♦❞❡❧s ❧❛✆❦s ♦✁❡ ♦✄ ♠♦✄❡ ❡✟♦✁s✳
❆ss❡♠❢❧✐❡s ❛✄❡ s❡✁s✐t✐✈❡ t♦ ✂❡✁❡ ❡✟♣✄❡ss✐♦✁ ❧❡✈❡❧s ❛✁❞
✆♦✈❡✄❛✂❡ ✉✁✐ ♦✄♠✐t②
✻✽
♥ ✇☎✐✆☎ ☎❛s ❛ ♣❛✄t✐✆✉❧❛✄ ✐♠♣❛✆t
♦✁ ❧♦✇❧②✲❡✟♣✄❡ss❡❞ ❧✁✆✕◆❆s✳ ❍♦✇❡✈❡✄♥ ❡✈❡✁ ✇☎❡✁
✆♦✁t✄♦❧❧✐✁✂  ♦✄ ❡✟♣✄❡ss✐♦✁♥ t✄❛✁s✆✄✐♣t♦♠❡ ❛ss❡♠❢❧✐❡s
❛✄❡ ❧❡ss s❡✁s✐t✐✈❡  ♦✄ ❧✁✆✕◆❆s ✆♦♠♣❛✄❡❞ ✇✐t☎ ♠✕◆❆s
 ♦✄ ✉✁❦✁♦✇✁ ✄❡❛s♦✁s
✻✽
✳ ✜♦✄❡ ✄❡✆❡✁t ❛ss❡♠❢❧❡✄s s✉✆☎ ❛s
✤t✄✐✁✂✠✐❡ ❛✁❞ ✤✆❛❧❧♦♣ ✄✉✁  ❛✄  ❛st❡✄ t☎❛✁ ❈✉  ❧✐✁❦s ❛✁❞
☎❛✈❡ ❞❡♠♦✁st✄❛❢❧② ❢❡tt❡✄ s❡✁s✐t✐✈✐t② ❛✁❞ s♣❡✆✐ ✐✆✐t②♥ ❢✉t
✄❡s✉❧t❛✁t ❛ss❡♠❢❧✐❡s ✄❡♠❛✐✁  ❛✄  ✄♦♠ ✐❞❡❛❧
✻✧✱✛✖
✳ ✢✁ ❛ st✉❞②
✉s✐✁✂ ✤t✄✐✁✂✠✐❡ t♦ ❛ss❡♠❢❧❡ s②✁t☎❡t✐✆ s♣❧✐✆❡❞ ✕◆❆s♥ ✐t
✇❛s  ♦✉✁❞ t☎❛t  ♦✄ t☎❡ ✆♦✄✄❡✆t ❛ss❡♠❢❧② ♦  ❢✥❆✚ ♦  ✐ts
✁✉✆❧❡♦t✐❞❡s♥ ❛ t✄❛✁s✆✄✐♣t ♠✉st ❢❡ ❡✟♣✄❡ss❡❞ ❛t ❛ ❧❡✈❡❧
❡q✉✐✈❛❧❡✁t t♦ s✠ ✞P✍✜ss  ❛✄ ✐✁ ❡✟✆❡ss ♦  t☎❡ ❛✈❡✄❛✂❡
❧✁✆✕◆❆ ♦✄ ❡✈❡✁♠✕◆❆
✻✻
✳ ✠☎❡s❡ ✐ss✉❡s ✇✐❧❧ ✄❡s✉❧t ✐✁ ❧♦✇
✆♦♠♣✄❡☎❡✁s✐✈❡✁❡ss♥ ❡✟☎❛✉st✐✈❡✁❡ss ❛✁❞ ✆♦♠♣❧❡t❡✁❡ss ♦ 
❛✁✁♦t❛t✐♦✁s ❢❛s❡❞ ♦✁ t✄❛✁s✆✄✐♣t♦♠❡ ❛ss❡♠❢❧✐❡s✳
❆✁♦t☎❡✄ ✐ss✉❡ t☎❛t ♣✄♦❢❛❢❧② ☎❛s ❛✁ ✐♠♣❛✆t ♦✁ ✆♦♠✲
♣✄❡☎❡✁s✐✈❡✁❡ss ✐s ♦  ☎✐st♦✄✐✆❛❧ ✁❛t✉✄❡❄ t☎❡ ♠❛t❡✄✐❛❧ ✉s❡❞
 ♦✄ t☎❡ ✂❡✁❡✄❛t✐♦✁ ♦  ✆✝◆❆ ❧✐❢✄❛✄✐❡s ☎❛s ❢❡❡✁ ❢✐❛s❡❞
t♦✇❛✄❞s ❛❞✉❧t t✐ss✉❡s♥ t✉♠♦✉✄ s❛♠♣❧❡s ❛✁❞ ✆❡❧❧ ❧✐✁❡s
✷✱✹✹
✳
✠☎✉s♥ ♠♦❞❡✄✁ ❛✁✁♦t❛t✐♦✁s♠❛②♦♠✐t♠✉✆☎ ♦  t☎❡ ✇❡❛❧t☎
♦  ❧✁✆✕◆❆s ❧✐❦❡❧② t♦ ❢❡ ❡✟♣✄❡ss❡❞ ❞✉✄✐✁✂ ❡♠❢✄②♦✂❡✁❡s✐s♥
❞❡✈❡❧♦♣♠❡✁t ❛✁❞ ✆☎✐❧❞☎♦♦❞
✹✽
✳ ✤✐♠✐❧❛✄❧②♥ ✆❡✄t❛✐✁ ❧✁✆✕✲
◆❆s ♠❛② ♦✁❧② ❢❡ ❡✟♣✄❡ss❡❞ ✐✁ ✄❛✄❡ s✉❢♣♦♣✉❧❛t✐♦✁s ♦ 
✆❡❧❧s ✇✐t☎✐✁ ❛ t✐ss✉❡ ♦✄ ❡✈❡✁ ✆❡❧❧ ✆✉❧t✉✄❡
✛✶
❛✁❞ t☎✉s ❛✄❡
❧✐❦❡❧② t♦ ❢❡ ♠✐ss❡❞ ♦✇✐✁✂ t♦ t☎❡ ❧♦✇ ❛♣♣❛✄❡✁t ❡✟♣✄❡ss✐♦✁
✐✁ ❢✉❧❦ ✆❡❧❧ s❛♠♣❧❡s✳
✢✁ s✉♠♠❛✄②♥ ♣✄❡s❡✁t ❛✁✁♦t❛t✐♦✁s ❛✄❡ ❧✐❦❡❧② t♦  ❛❧❧
s☎♦✄t ✐✁ ❛❧❧ t☎❡ q✉❛❧✐t② ♠❡t✄✐✆s ❞❡s✆✄✐❢❡❞♥ ❧❡❛✈✐✁✂ t☎♦✉✲
s❛✁❞s ♦  ✂❡✁❡ ❧♦✆✐♥ t✄❛✁s✆✄✐♣ts ❛✁❞ ❡✟♦✁✐✆ ✁✉✆❧❡♦t✐❞❡s
✉✁♠❛♣♣❡❞✳
❊✖❡☞✁✠✁✁ ✟❡✂❝✁✞❧✞✁✠❡✡ ✠✁ ❧✁✂✄☎✆ ✝✁✁✞✟✝✟✠✞✁
❆❞✈❛✁✆❡s ✐✁ ❦❡② t❡✆☎✁♦❧♦✂✐❡s  ♦✄ t❛✄✂❡t✐✁✂ ❛✁❞ s❡q✉❡✁✆✲
✐✁✂ ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣ts ♣✄♦♠✐s❡ t♦ ❞✐✄❡✆t❧② ❛❞❞✄❡ss t☎❡
t✇♦ ♣✄✐✁✆✐♣❛❧ ✆☎❛❧❧❡✁✂❡s  ❛✆✐✁✂ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ♦ 
❧♦✇ t❛✄✂❡t ❛❢✉✁❞❛✁✆❡ ❛✁❞ ✐✁✆♦♠♣❧❡t❡ t✄❛✁s✆✄✐♣t♠♦❞❡❧s✳
▲✕✘✉✲✑✔✜✤✣✔q✒✔✘✓✢✘✉ ✏✔✓✬✘✕✗✕✉✢✔✣★P❛✆✐ ✐✆❃✐♦s✆✐❡✁✆❡s✁
✥P❛✆❃✐♦✮ t❡✆☎✁♦❧♦✂② ❡♠♣❧♦②s ✘❡✄♦✲♠♦❞❡ ✇❛✈❡✂✉✐❞❡s t♦
s❡q✉❡✁✆❡ s✐✁✂❧❡ ✆✐✄✆✉❧❛✄✐✘❡❞ ✝◆❆ ♦✄ ✆✝◆❆ ♠♦❧❡✆✉❧❡s✳
❆✄♦✉✁❞  ❆♥❆❆❆ ✄❡❛❞s ❛✄❡ ♣✄♦❞✉✆❡❞ ❢② ❡❛✆☎ ❧❛✁❡♥ ✇✐t☎
❛✁ ❛✈❡✄❛✂❡ ❡✙✳✥❦❢ ❧❡✁✂t☎
✷✛✱✛✷
✳ ✠☎✐s ❧❡✁✂t☎ ✐s s❡✈❡✄❛❧✲ ♦❧❞
❧♦✁✂❡✄ t☎❛✁ t☎❡ ❛✈❡✄❛✂❡ ❡✟♦✁♥ ♠❡❛✁✐✁✂ t☎❛t t☎❡ ❡✟♦✁
✆♦✁✁❡✆t✐✈✐t② ♦  ✆♦♠♣❧❡t❡ ♦✄ ❛❧♠♦st ✆♦♠♣❧❡t❡ t✄❛✁s✆✄✐♣t
st✄✉✆t✉✄❡s ✆❛✁ ❢❡ ✄❡s♦❧✈❡❞✳ ❆ ✄❡✆❡✁t st✉❞② ✐✁ ☎✉♠❛✁
s☎♦✇❡❞ t☎❛t♥  ♦✄ t✄❛✁s✆✄✐♣ts ✉♣ t♦ ❡✙✳✥✦s✳❆❦❢♥ t☎❡♠❛❥♦✄✲
✐t② ♦  ✄❡❛❞s ②✐❡❧❞s  ✉❧❧✲❧❡✁✂t☎ t✄❛✁s✆✄✐♣t st✄✉✆t✉✄❡s♥  ❛❧❧✲
✐✁✂ s☎♦✄t ♦✁ ❛✈❡✄❛✂❡  ✞ ✁t ❛✁❞ ❡ ✁t  ✄♦♠ t☎❡ ❛✁✁♦t❛t❡❞
✥✤ ❛✁❞ ✠✤ s✐t❡s♥ ✄❡s♣❡✆t✐✈❡❧②
✛✷
✳
✕❛✇ P❛✆❃✐♦ s❡q✉❡✁✆✐✁✂ ✄❡❛❞s t❡✁❞ t♦ ☎❛✈❡ ✄❡❧❛t✐✈❡❧②
☎✐✂☎ ❡✄✄♦✄ ✄❛t❡s
✛✷
✳ ✠♦ ♠✐t✐✂❛t❡ t☎✐s ✐ss✉❡♥ ✆♦✁s❡✁s✉s ✄❡❛❞s
♦  ✐✁s❡✄t ✥✕s✢s✮ ❛✄❡ ❛ss❡♠❢❧❡❞  ✄♦♠ ♠✉❧t✐♣❧❡ ♣❛ss❡s ♦ 
t☎❡ s❛♠❡ ✆✐✄✆✉❧❛✄ t❡♠♣❧❛t❡ ♠♦❧❡✆✉❧❡✳ ✕❡s✉❧t✐✁✂ ♣❡✄✲❢❛s❡
s❡q✉❡✁✆✐✁✂ ❡✄✄♦✄s ❛✄❡ ♠♦❞❡✄❛t❡♥ ❛♣♣✄♦✟✐♠❛t❡❧② t✇♦ ♦❧❞
✂✄❡❛t❡✄ t☎❛✁  ♦✄ ✢❧❧✉♠✐✁❛ ❛✁❞ ✇✐t☎ ❛ t❡✁❞❡✁✆②  ♦✄ ✁✉✆❧❡✲
♦t✐❞❡ ❞❡❧❡t✐♦✁s
✛✷
✳ ❆t t☎✐s ✄❛t❡♥ t☎❡ ♠❛❥♦✄✐t② ♦  ✄❡❛❞s ✆❛✁
❢❡ ♠❛♣♣❡❞ ✇✐t☎ ☎✐✂☎ ✆♦✁ ✐❞❡✁✆❡
✛✸
✳ ✝❡s♣✐t❡ ✐ts ❛❞✈❛✁✲
t❛✂❡s♥ ✇✐❞❡s♣✄❡❛❞ ❛❞♦♣t✐♦✁ ♦  P❛✆❃✐♦ ✐s ☎✐✁❞❡✄❡❞ ❢② ✐ts
✆♦st ❛✁❞ ❧♦✇ t☎✄♦✉✂☎♣✉t✳ ✗✐✈❡✁ t☎❡ ❧♦✇ ✄❡♣✄❡s❡✁t❛t✐♦✁
♦  ❧✁✆✕◆❆s ✇✐t☎✐✁ t☎❡ ✆❡❧❧✉❧❛✄ t✄❛✁s✆✄✐♣t♦♠❡♥ ♣✉✄❡
P❛✆❃✐♦ s❡q✉❡✁✆✐✁✂ ✇♦✉❧❞ ❢❡ ❛✁ ✐✁❡  ✐✆✐❡✁t ♠❡t☎♦❞ t♦
♠❛♣ ❧✁✆✕◆❆ ❧♦✆✐
✛✷
✳ P❡✄☎❛♣s ✐ts ✂✄❡❛t❡st ❞✄❛✇❢❛✆❦ ✐s ✐ts
s❡q✉❡✁✆✐✁✂ ♣✄❡ ❡✄❡✁✆❡  ♦✄ s☎♦✄t t❡♠♣❧❛t❡s ✐✁ ❛ ♠✐✟t✉✄❡✳
✠☎✐s ❧✐♠✐t❛t✐♦✁ ✆✄❡❛t❡s t☎❡ ✁❡❡❞ t♦ s✐✘❡✲s❡❧❡✆t ✆✝◆❆
❧✐❢✄❛✄✐❡s♥ ✐✁t✄♦❞✉✆✐✁✂ ❛ ❧❡✁✂t☎✲❞❡♣❡✁❞❡✁t ❢✐❛s ✐✁ t☎❡
s❡q✉❡✁✆❡❞ t✄❛✁s✆✄✐♣ts
✷✛✱✛✷
✳
◆❛✁♦♣♦✄❡✲❢❛s❡❞ t❡✆☎✁♦❧♦✂✐❡s ✄❡❛❞ s✐✁✂❧❡ ♠♦❧❡✆✉❧❡s
✐✁ ✄❡❛❧ t✐♠❡
✛✹
❀ ✁✉✆❧❡✐✆ ❛✆✐❞ ♠♦❧❡✆✉❧❡s ❛✄❡ t✄❛✁s❧♦✆❛t❡❞ ❛t
❛ ✆♦✁t✄♦❧❧❡❞ ✄❛t❡ t☎✄♦✉✂☎ ❛ ♠❡♠❢✄❛✁❡✲❢♦✉✁❞ ♣✄♦t❡✐✁
✁❛✁♦♣♦✄❡✳ ❈☎❛✁✂❡s t♦ ❡❧❡✆t✄✐✆ ✆✉✄✄❡✁ts t☎✄♦✉✂☎ ✁❛✁♦✲
♣♦✄❡s ❛✄❡ ✉s❡❞ t♦ ✐✁ ❡✄ t☎❡ ✐❞❡✁t✐t② ♦  ❡❛✆☎ ✁✉✆❧❡♦t✐❞❡✳
✠☎✐s t❡✆☎✁♦❧♦✂② ☎❛s ✄❡❛✆☎❡❞ t☎❡ ♠❛✐✁st✄❡❛♠ ♠❛✄❦❡t
✇✐t☎ s✟ ♦✄❞ ◆❛✁♦♣♦✄❡✁s ✜✐✁✢s◆ t❡✆☎✁♦❧♦✂②
✛✹
♥ ✇☎✐✆☎
✐s ✆❛♣❛❢❧❡ ♦  ✄❡t✉✄✁✐✁✂ ❡✥♠✐❧❧✐♦✁ ✄❡❛❞s ♣❡✄  ❧♦✇ ✆❡❧❧♥ ❛t
❛ ✆♦st ♦  ❡✣✥❆❆✳
◆❛✁♦♣♦✄❡ ☎❛s ❛ ✄❛✁✂❡ ♦  ❛❞✈❛✁t❛✂❡s ♦✈❡✄ ♦t☎❡✄
s❡q✉❡✁✆✐✁✂ ❛♣♣✄♦❛✆☎❡s✳ ❃② ❞✐s♣❡✁s✐✁✂ ✇✐t☎ t☎❡ ❛♠♣❧✐✲
 ✐✆❛t✐♦✁ ♦✄ ❡✁✘②♠❛t✐✆ ♠♦❞✐ ✐✆❛t✐♦✁ ♦  t❛✄✂❡t ♠♦❧❡✲
✆✉❧❡s♥ ✐♠♣♦✄t❛✁t s♦✉✄✆❡s ♦  ❢✐❛s ❛✄❡ ❛✈♦✐❞❡❞✳ ✆✝◆❆
♠♦❧❡✆✉❧❡s ✆❛✁ ❢❡ ❞✐✄❡✆t❧② s❡q✉❡✁✆❡❞ ✇✐t☎ ♠✐✁✐♠❛❧
♣✄❡♣❛✄❛t✐♦✁
✛✺
♥ ❛✁❞ ✐t ♠❛② ❡✈❡✁ ❢❡  ❡❛s✐❢❧❡ t♦ ✐❞❡✁t✐ ②
✆☎❡♠✐✆❛❧❧② ♠♦❞✐ ✐❡❞ ❢❛s❡s
✛✻
✳ ❆ ✄❡✆❡✁t ✄❡♣♦✄t ❞❡s✆✄✐❢❡s
❞✐✄❡✆t s❡q✉❡✁✆✐✁✂ ♦  ✕◆❆ ✥❛s ♦♣♣♦s❡❞ t♦ ✆✝◆❆✮  ✄♦♠
❛ ✈❛✄✐❡t② ♦  s❛♠♣❧❡s♥ ✇✐t☎ ✄❡❛❞ ❧❡✁✂t☎s ♦  ✉♣ t♦ ✞✳✥❦❢
❛✁❞ s❡q✉❡✁✆✐✁✂ ❛✆✆✉✄❛✆② ♦  ✝❆✚
✛✛
✳ ✕❡❛❞s ❛✄❡  ✄❡❡  ✄♦♠
❢✐❛s❡s ✄❡✂❛✄❞✐✁✂ t❡♠♣❧❛t❡ ❧❡✁✂t☎ ♦✄ ✗❈ ✆♦✁t❡✁t♥ ✇☎✐✆☎
❛  ❡✆t ♦t☎❡✄ t❡✆☎✁♦❧♦✂✐❡s
✛✽
✳ ✜♦st ✐♠♣♦✄t❛✁t❧② ✐✁ t☎❡
♣✄❡s❡✁t ✆♦✁t❡✟t♥ ✁❛✁♦♣♦✄❡ s❡q✉❡✁✆✐✁✂ ②✐❡❧❞s ✄❡❛❞s ♦ 
❧❡✁✂t☎s t☎❛t ❛✄❡ ✈✐✄t✉❛❧❧② ✉✁❧✐♠✐t❡❞ ❛✁❞ t☎❛t  ❛✄ ❡✟✆❡❡❞
❦✁♦✇✁ ❧✁✆✕◆❆s ❛✁❞ ♠✕◆❆s
✛✽
✳ ✠☎❡s❡ ❢❡✁❡ ✐✆✐❛❧ ♣✄♦♣✲
❡✄t✐❡s ♦  t☎✄♦✉✂☎♣✉t♥ ✄❡❛❞ ❧❡✁✂t☎ ❛✁❞ ✆♦st ♠❛❦❡ ✁❛✁♦✲
♣♦✄❡ t❡✆☎✁♦❧♦✂② ☎✐✂☎❧② ❛♣♣❡❛❧✐✁✂ ✐✁ t☎❡ ✆♦✁t❡✟t ♦  ✂❡✁❡
❛✁✁♦t❛t✐♦✁✳
➆④✈❼ ♥
⑤
❱❊❃❍❂❇❉❈❊❋ ❊❦ ▼❄❂❏❉❋▲ ▼❋❖❘◆♠ ❂❋❋❊■❂■❉❊❋❈♣❂
⑤
➇✇⑥➏t⑧⑥⑦➇❞❪❴❫❵❞ ➃⑥r✈
r⑥r➍❹⑥⑨④r✈➉❪➂ ❢➃r❹➉❪➂✐ ❹⑥➃➃✉❹t④⑥r ⑥❣✉✇ t④❸✉♠ ④r t✉✇❸❶⑥⑦ ✈✉r✉ ➃⑥❹④❼❫r➃➄ ✇✉⑦✉✇✉r❹✉
✇✉➃✉③❶✉❶ ③✇✉ ④r❹➃❻⑨✉⑨❼✈
⑤
❫❣✉✇➃③❺ ⑩✉t➏✉✉r ③rr⑥t③t④⑥r❶ ③t t⑧✉ ✈✉r✉ ➃✉❣✉➃♠ ⑩③❶✉⑨⑥r③
❸✉⑨④❻❸➍❶t✇④r✈✉r❹➄ ⑨✉⑦④r④t④⑥r❼❱③➃❻✉❶ ✇✉❺✇✉❶✉rt t⑧✉❺✉✇❹✉rt③✈✉⑥⑦ ✈✉r✉ ➃⑥❹④ ④r t⑧✉
③rr⑥t③t④⑥r ⑥⑦ ✉③❹⑧ ✇⑥➏ t⑧③t⑥❣✉✇➃③❺ t⑧✉ ③rr⑥t③t④⑥r ④r ✉③❹⑧ ❹⑥➃❻❸r❼❫❣✉✇➃③❺ ④❶
⑨✉⑦④r✉⑨③❶ ③t ➃✉③❶t ❦♦❽⑥⑦ t⑧✉ ❶❺③r⑥⑦ t⑧✉ ❶⑧⑥✇t✉✇ ✈✉r✉⑥r t⑧✉ ❶③❸✉ ❶t✇③r⑨❼❫r➃➄
✈✉r✉❶➏④t⑧ ③t ➃✉③❶t⑥r✉❸❻➃t④✉➔⑥r④❹ t✇③r❶❹✇④❺t➏✉✇✉ ④r❹➃❻⑨✉⑨❼ ➊✉✉ ★✩❇✪✫ ✬ ⑦⑥✇ ⑨✉t③④➃❶❼
❖
⑤
❴⑥❸❺③✇④❶⑥r ⑥⑦ ➋❻③➃④t➄❸✉t✇④❹❶ ⑩✉t➏✉✉r③rr⑥t③t④⑥r❶❼ ①➍③➔④❶q ❹⑥❸❺✇✉⑧✉r❶④❣✉r✉❶❶♠
⑥✇ t⑧✉ t⑥t③➃ r❻❸⑩✉✇ ⑥⑦ ✈✉r✉ ➃⑥❹④① ②➍③➔④❶q ❹⑥❸❺➃✉t✉r✉❶❶♠ ⑥✇ ❺✉✇❹✉rt③✈✉⑥⑦ t✇③r❶❹✇④❺t
❶t✇❻❹t❻✇✉❶➏⑧⑥❶✉ ❶t③✇t ④❶ ❶❻❺❺⑥✇t✉⑨⑩➄③ ✇⑥⑩❻❶t❺⑧③❶✉ ➁✶❿ ➆❻r❹t④⑥r③➃ ➂rr⑥t③t④⑥r ⑥⑦
t⑧✉➀③❸❸③➃④③r ✈✉r⑥❸✉ ❢➆➂❪❷❫➀✐ ❹③❺ ③r③➃➄❶④❶ ⑥⑦ ✈✉r✉✉➔❺✇✉❶❶④⑥r ❢❴➂➇❞✐ ❹➃❻❶t✉✇
❢➝❂❿♦➁♠♣♦❿✐➏④t⑧④r➧❤♦ ⑩③❶✉❶ ③r⑨➏⑧⑥❶✉ ✉r⑨ ❹⑥rt③④r❶ ③ ❹③r⑥r④❹③➃ ❺⑥➃➄③⑨✉r➄➃③t④⑥r
❸⑥t④⑦
 ✁✂
➏④t⑧④r ③➏④r⑨⑥➏⑥⑦ ➁♦✄❤♦⑩❺ ❻❺❶t✇✉③❸❼❴④✇❹➃✉ ⑨④③❸✉t✉✇❶ ✇✉⑦➃✉❹t
✉➔⑧③❻❶t④❣✉r✉❶❶♠ ⑥✇❸✉③rr❻❸⑩✉✇ ⑥⑦ t✇③r❶❹✇④❺t❶ ❺✉✇ ✈✉r✉❼➇❞❪❴❫❵❞➒④❶ t⑧✉ ❻r④⑥r⑥⑦
➇❞❪❴❫❵❞❣✉✇❶④⑥r ❿♦➏④t⑧ r⑥r➍③r❹⑧⑥✇➍❸✉✇✈✉⑨ ❹③❺t❻✇✉ ➃⑥r✈➍✇✉③⑨ ❶✉➋❻✉r❹④r✈ ❢❴➓➊✐
t✇③r❶❹✇④❺t❸⑥⑨✉➃❶❼ ➑✇⑥t✉④r➍❹⑥⑨④r✈ ④❶ ③ ❶✉t ⑥⑦ ❹⑥r⑦④⑨✉rt➇❞❪❴❫❵❞❺✇⑥t✉④r➍❹⑥⑨④r✈
t✇③r❶❹✇④❺t❶ ③❶ ⑨✉❶❹✇④⑩✉⑨ ④r ❘✫✭✫
✷☎
❼ ❏
⑤
➂❶ ⑦⑥✇ ❺③✇t ❖♠ ⑩❻t ❶✉❺③✇③t✉➃➄ ⑦⑥✇ ❤➈ ③r⑨♥➈
❹⑥❸❺➃✉t✉r✉❶❶❼ ❄
⑤
❷⑧✉ ⑨④❶t✇④⑩❻t④⑥r⑥⑦ ❺✇✉⑨④❹t✉⑨ ❶❺➃④❹✉ ❥❻r❹t④⑥r ❶t✇✉r✈t⑧ ⑦⑥✇ ❶❺➃④❹✉ ❶④t✉
③❹❹✉❺t⑥✇❶ ③r⑨⑨⑥r⑥✇❶ ④r ✉③❹⑧ ➃r❹➉❪➂❹③t③➃⑥✈❻✉♠ ③❶ ❹③➃❹❻➃③t✉⑨⑩➄ t⑧✉➇✉r✉q❵
❶⑥⑦t➏③✇✉
 ✁✁
❼ ❷⑧✉❺➃⑥t❶ ❶⑧⑥➏r⑥r➍✇✉⑨❻r⑨③rt ❶❺➃④❹✉ ❶④t✉❶ ⑦✇⑥❸ ➃r❹➉❪➂③rr⑥t③t④⑥r❶ ❶✉t❶
❢t⑥❺✐♠ ❹⑥r⑦④⑨✉rt➇❞❪❴❫❵❞❺✇⑥t✉④r➍❹⑥⑨④r✈ t✇③r❶❹✇④❺t❶ ❢❸④⑨⑨➃✉✐♠ ③r⑨ ❤♦♦♠♦♦♦
✇③r⑨⑥❸➃➄ ❶✉➃✉❹t✉⑨➇❴
⑤
➇❷⑨⑥r⑥✇❶➒➂➇③❹❹✉❺t⑥✇❶➏④t⑧ r⑥ ✉❣④⑨✉r❹✉⑥⑦ ❶❺➃④❹④r✈ ④r ③r➄
⑥⑦ t⑧✉ ③rr⑥t③t④⑥r ❶✉t❶ ❻r⑨✉✇ ❶t❻⑨➄ ❢⑩⑥tt⑥❸✐❼ ➆⑥✇ ✉③❹⑧r⑥r➍❹③r⑥r④❹③➃ ❶❺➃④❹✉ ❶④t✉ r⑥t
❶❹⑥✇✉⑨⑩➄➇✉r✉q❵♠ ③ ✇③r⑨⑥❸❶❹⑥✇✉ ⑩✉t➏✉✉r✜♥♦③r⑨✜❿♦➏③❶ ③❶❶④✈r✉⑨❼
✛
➞ ✟✠✡☛☞✌✍✎✏✑✑✌✒ ✓✉✔✑✏✕✖✗✘✕ ✙✏✎✏✚✗❡✛ ✜✌✘✚ ✢✣ ✤✜✘✏✒✥✗✘ ✦✌✚✉✘✗✧ ★✑✑ ✘✏✥✖✚✕ ✘✗✕✗✘✩✗❡✧
✪✫❚✬✭✮ ✭✮❊✰✮✱✷
⑤
✥✆✝✆✞✟✠✡
❘✁✂ ✄✁☎✆
☛☞✌✍✎✏ ✑✒
✓
✔✏P✕✏✎❇✏❘ ✖✗✑✘
✓
✺✺✝
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✙✚✛ ✓✜✧✏✒✑✔ ✣✔q✒✔✘✓✢✘✉★ ❧✁✆✕◆❆s t❡✁❞ t♦ ❢❡
❡✟♣✄❡ss❡❞ ❛♣♣✄♦✟✐♠❛t❡❧② ♦✁❡ ♦✄❞❡✄ ♦  ♠❛✂✁✐t✉❞❡ ❧♦✇❡✄
t☎❛✁♠✕◆❆ ❛✁❞ ✄❡♣✄❡s❡✁t ❛❢♦✉t ✙✦s✚♦  ♣♦❧②❆②✕◆❆
✐✁ ❛ ✆❡❧❧
✷✛✱✛✷✱✛✧✱✽✖
✳ ✠☎✐s ✆✄❡❛t❡s ❛ ✆♦✁s✐❞❡✄❛❢❧❡ ☎✉✄❞❧❡  ♦✄
❛✁✁♦t❛t✐♦✁♥ ❢❡✆❛✉s❡ ❧✁✆✕◆❆ ♠♦❧❡✆✉❧❡s ❛✄❡ s✐♠♣❧② ❧❡ss
❧✐❦❡❧② t♦ ❢❡ s❛♠♣❧❡❞ ❛t ❛ ✂✐✈❡✁ ❞❡♣t☎ ♦  s❡q✉❡✁✆✐✁✂✳
s✁❡ s♦❧✉t✐♦✁ ✐s t♦ ❢♦♦st t☎❡✐✄ ❛♣♣❛✄❡✁t ✆♦✁✆❡✁t✄❛t✐♦✁
✐✁ ❛ ✆✝◆❆ ❧✐❢✄❛✄② ✉s✐✁✂ ☛✡✏✌☛☞❂❝✡✿☛✴✏✎✿ ❝✰✼✴❂✵✿ ✐✁ ❛
t❡✆☎✁✐q✉❡ ❦✁♦✇✁ ❛s ✕◆❆ ❈❛♣t✉✄❡✤❡q
✽✶✱✽✷
✳ ❈✉st♦♠
❧✐❢✄❛✄✐❡s ♦  t✐❧❡❞ ✆♦♠♣❧❡♠❡✁t❛✄② ♦❧✐✂♦✁✉✆❧❡♦t✐❞❡
♣✄♦❢❡s ❛✄❡ ✉s❡❞ t♦ ❡✁✄✐✆☎ ❛ ♣♦♣✉❧❛t✐♦✁ ♦  ❞❡s✐✄❡❞
t❛✄✂❡ts ✐✁ s♦❧✉t✐♦✁✳ ✠☎✐s ❛♣♣✄♦❛✆☎ ❢♦♦sts t☎❡ ✄❡♣✲
✄❡s❡✁t❛t✐♦✁ ♦  ❧✁✆✕◆❆ s❡q✉❡✁✆❡s t♦❢s✥✚♥ ✐♠♣✄♦✈✐✁✂
s❡q✉❡✁✆✐✁✂ ✆♦✈❡✄❛✂❡ ❢② t❡✁s ♦   ♦❧❞ ✆♦♠♣❛✄❡❞ ✇✐t☎
❛ ✆♦✁✈❡✁t✐♦✁❛❧♥ ✉✁✆❛♣t✉✄❡❞ s❛♠♣❧❡
✽✶
✳ ✠♦ ❞❛t❡♥ t☎✐s
❛♣♣✄♦❛✆☎ ☎❛s ❢❡❡✁ ✉s❡❞ s✉✆✆❡ss ✉❧❧② ✐✁ ☎✉♠❛✁
✽✸
❛✁❞
♠♦✉s❡
✽✹
t✐ss✉❡s✳
✕◆❆❈❛♣t✉✄❡✤❡q ❞❡♠♦✁st✄❛t❡s ♣♦✇❡✄ ✉❧❧② ✐✁✆✄❡❛s❡❞
s❡✁s✐t✐✈✐t② ✆♦♠♣❛✄❡❞ ✇✐t☎ ✆♦✁✈❡✁t✐♦✁❛❧♥ ✉✁❢✐❛s❡❞
s❡q✉❡✁✆✐✁✂ ♠❡t☎♦❞s♥ t②♣✐✆❛❧❧② ❞✐s✆♦✈❡✄✐✁✂ ✁♦✈❡❧ t✄❛✁✲
s✆✄✐♣ts ❛✁❞ ✂❡✁❡ ❧♦✆✐ ❡✟♣✄❡ss❡❞ ❛t  ❛✄ ❧❡ss t☎❛✁ ♦✁❡ ✆♦♣②
♣❡✄ ✆❡❧❧
✽✸
✳ s t❡✁♥ ❛❞❥❛✆❡✁t ❛✁❞ ❡✄✄♦✁❡♦✉s❧② s❡♣❛✄❛t❡
❛✁✁♦t❛t✐♦✁s ❛✄❡ ♠❡✄✂❡❞♥ ♦✄ ❛✁✁♦t❛t❡❞ ❧♦✆✐ ❛✄❡ ❡✟t❡✁❞❡❞
✇✐t☎ ✁❡✇ ❡✟♦✁✐✆ s❡q✉❡✁✆❡
✽✹
✳ ❍♦✇❡✈❡✄♥ ♣✄❡✈✐♦✉s st✉❞✐❡s
☎❛✈❡ ❧❛✄✂❡❧② ✄❡❧✐❡❞ ♦✁ s☎♦✄t✲✄❡❛❞ ✢❧❧✉♠✐✁❛ s❡q✉❡✁✆✐✁✂
✆♦✉♣❧❡❞ t♦ ❈✉  ❧✐✁❦s t✄❛✁s✆✄✐♣t♦♠❡ ❛ss❡♠❢❧②
✽✶✱✽✸✱✽✹
✳
❈♦✁s❡q✉❡✁t❧②♥ ✄❡s✉❧t✐✁✂ ❛✁✁♦t❛t✐♦✁s s✉  ❡✄  ✄♦♠ t☎❡
s❛♠❡ ✉✁✆❡✄t❛✐✁t✐❡s ❛✁❞ ✇❡❛❦✁❡ss❡s ❛s ❞✐s✆✉ss❡❞ ❛❢♦✈❡
❛✁❞ ☎❛✈❡ ❧♦✇ ✥✤ ❛✁❞ ✠✤ ✆♦✈❡✄❛✂❡
✻✻✱✻✽
✳
✠☎❡ ❞❡♣❡✁❞❡✁✆❡ ♦  ✕◆❆ ❈❛♣t✉✄❡✤❡q ♦✁ s☎♦✄t ✄❡❛❞s
☎❛s ✄❡✆❡✁t❧② ❢❡❡✁ ♦✈❡✄✆♦♠❡ ❢② ✆♦✉♣❧✐✁✂ ✐t t♦ P❛✆❃✐♦
t❡✆☎✁♦❧♦✂② ✐✁ ❛ ♠❡t☎♦❞ t❡✄♠❡❞ ❈✱✤
✷✛✱✽✺
✳ ❃② ✉s✐✁✂ ❧♦✁✂
✄❡❛❞s♥ ❈✱✤ ❛✈♦✐❞s t☎❡ ✐ss✉❡s ❛ss♦✆✐❛t❡❞ ✇✐t☎ s☎♦✄t ✄❡❛❞s
❛✁❞ t✄❛✁s✆✄✐♣t ❛ss❡♠❢❧②♥ ❡✁❛❢❧✐✁✂ t☎❡ ✐❞❡✁t✐ ✐✆❛t✐♦✁ ♦ 
 ✉❧❧✲❧❡✁✂t☎ t✄❛✁s✆✄✐♣t♠♦❞❡❧s✳ ❃② ✐✁t❡✂✄❛t✐✁✂ ❈❆✗✰ ❞❛t❛
❛✁❞  ✄❛✂♠❡✁ts ♦  ♣♦❧②✥❆✮ t❛✐❧s ✆♦✁t❛✐✁❡❞ ✐✁ P❛✆❃✐♦ ✄❡❛❞s♥
❈✱✤ ✆❛✁ ❛ss❡ss t☎❡ ✆♦♠♣❧❡t❡✁❡ss ♦  t✄❛✁s✆✄✐♣t ♠♦❞❡❧s ❛t
✥✤ ❛✁❞ ✠✤ ❡✁❞s♥ ✄❡s♣❡✆t✐✈❡❧② ✭✭✩✪✫ ✹✯
✳ ✠☎❡ ✉s❡ ♦  t❡♠♣❧❛t❡✲
s✇✐t✆☎✐✁✂ ✄❡✈❡✄s❡ t✄❛✁s✆✄✐♣t❛s❡ t❡✆☎✁♦❧♦✂② t♦ ✂❡✁❡✄❛t❡
❛❧♠♦st  ✉❧❧✲❧❡✁✂t☎ ✆✝◆❆s ✆❛✁ ❢♦♦st ✥✤ ✆♦♠♣❧❡t❡✁❡ss  ✉✄✲
t☎❡✄
✻✹
✳ ✤☎♦✄t ✄❡❛❞s s❡q✉❡✁✆❡❞  ✄♦♠ t☎❡ s❛♠❡ s❛♠♣❧❡s ✆❛✁
❢❡ ✉s❡❞ t♦ ❛ss❡ss t☎❡ ❛✆✆✉✄❛✆② ♦  s♣❧✐✆❡ s✐t❡ ♣✄❡❞✐✆t✐♦✁s
✽✻
✳
❆s s✉✆☎♥ ❈✱✤ ♠❛✄✄✐❡s t☎❡ ❡✁☎❛✁✆❡❞ s❡q✉❡✁✆✐✁✂ ✆♦✈❡✄✲
❛✂❡ ♣✄♦✈✐❞❡❞ ❢② ✆❛♣t✉✄❡ t♦ t✄❛✁s✆✄✐♣t ♠♦❞❡❧ ✆♦✁ ✐❞❡✁✆❡
❛  ♦✄❞❡❞ ❢② ❧♦✁✂ ✄❡❛❞s✳ ✢✁ t☎❡  ✐✄st ✄❡♣♦✄t ♦  t☎✐s ♠❡t☎♦❞♥
s♠✐❧❧✐♦✁ ✄❡❛❞s ❡❛✆☎ ✐✁ ☎✉♠❛✁ ❛✁❞♠♦✉s❡ ❛✆✄♦ss ❛ ♣❛✁❡❧
♦  t✐ss✉❡s ❛✁❞ ✆❡❧❧s ②✐❡❧❞❡❞ ✁♦✈❡❧  ✉❧❧✲❧❡✁✂t☎ t✄❛✁s✆✄✐♣t
♠♦❞❡❧s  ✄♦♠ ✟ ✞ ♣✄❡✈✐♦✉s❧② ❛✁✁♦t❛t❡❞ ☎✉♠❛✁ ❧✁✆✕◆❆
❧♦✆✐
✷✛
✳ ❆❧t☎♦✉✂☎ t☎❡ ❛✁✁♦t❛t✐♦✁ ✆♦♠♣❧❡✟✐t② ♦  t☎❡ ♣✄♦❢❡❞
✄❡✂✐♦✁s ✇❛s ❛♣♣✄♦✟✐♠❛t❡❧② ❞♦✉❢❧❡❞♥ t☎❡✄❡ ✇❛s ✁♦ s✐✂✁ ♦ 
s❛t✉✄❛t✐♦✁ ♦  s♣❧✐✆❡ ❥✉✁✆t✐♦✁s♥ ✐✁❞✐✆❛t✐✁✂ t☎❛t♠✉✆☎♠♦✄❡
s❡q✉❡✁✆✐✁✂ ❞❡♣t☎ ✇✐❧❧ ❢❡ ✄❡q✉✐✄❡❞ t♦ ❡st❛❢❧✐s☎ ❞❡ ✐✁✐t✐✈❡
✂❡✁❡ st✄✉✆t✉✄❡s ✐✁ ❞❡t❡✆t❡❞ ❧♦✆✐✳ ❆ s✐♠✐❧❛✄ ✆♦✁✆❧✉s✐♦✁✇❛s
✄❡❛✆☎❡❞ ✐✁ ❛ st✉❞② ✉s✐✁✂ ❡ss❡✁t✐❛❧❧② t☎❡ s❛♠❡ st✄❛t❡✂② t♦
s✉✄✈❡② t☎❡ t✄❛✁s✆✄✐♣t✐♦✁❛❧ ❧❛✁❞s✆❛♣❡ ♦  ✆☎✄♦♠♦s♦♠❡ s✙
✐✁ ☎✉♠❛✁ t❡st✐s
✽✺
✳
❆❧t☎♦✉✂☎ t☎❡ s♣❡❡❞ ❛✁❞ ✆♦st ♦  t☎❡ ❈✱✤ ❛♣♣✄♦❛✆☎
♠❛❦❡ ✐t ❛ s✉❢st❛✁t✐❛❧ st❡♣ t♦✇❛✄❞s ♠♦✄❡ ✆♦♠♣✄❡☎❡✁s✐✈❡
❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s♥ ✐t s✉  ❡✄s  ✄♦♠ s♦♠❡ ✇❡❛❦✁❡ss❡s
t☎❛t ♠✉st  ✐✄st ❢❡ ✄❡s♦❧✈❡❞✳ ✠☎❡ ❧❡✁✂t☎s ♦   ✉❧❧✲❧❡✁✂t☎
t✄❛✁s✆✄✐♣t ♠♦❞❡❧s ❛✄❡ ❧✐♠✐t❡❞ ❢② P❛✆❃✐♦ ✄❡❛❞s♥ ❧❡❛✈✐✁✂
♠❛✁② t❛✄✂❡t❡❞ t✄❛✁s✆✄✐♣ts ✐✁✆♦♠♣❧❡t❡✳ ❆❧s♦♥ s❡q✉❡✁✆✲
✐✁✂ ❞❡♣t☎s ❛✄❡ ✐✁s✉  ✐✆✐❡✁t t♦ s❛t✉✄❛t❡ t❛✄✂❡t❡❞ ❧♦✆✐✳ ✠☎❡
✐✁✆♦✄♣♦✄❛t✐♦✁ ♦  ✁❛✁♦♣♦✄❡ s❡q✉❡✁✆✐✁✂ t❡✆☎✁♦❧♦✂② ✐✁ t☎❡
❈✱✤ ✇♦✄❦ ❧♦✇ s☎♦✉❧❞ ☎❡❧♣ t♦ ♦✈❡✄✆♦♠❡ t☎❡s❡ ❢❛✄✄✐❡✄s✳
✔✞ ✝☞✎✡ ✂✞✖❞❧❡✟❡ ❧✁✂✄☎✆ ✝✁✁✞✟✝✟✠✞✁✡
✉✐t☎ t☎❡ t♦♦❧s ♦  ❧♦✁✂✲✄❡❛❞ s❡q✉❡✁✆✐✁✂ ❛✁❞ ✕◆❆ ✆❛♣✲
t✉✄❡ ✐✁ ☎❛✁❞♥ ✇❡♠❛② ✁♦✇ ❡✁✈✐s❛✂❡ ❛✁ ❡✈❡✁t✉❛❧ ✆♦♠♣❧❡t❡
❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁❄♠❛♣s ♦  t☎❡ ❡✁t✐✄❡ ✉✁✐✈❡✄s❡ ♦  ❧✁✆✕✲
◆❆s ❡✟♣✄❡ss❡❞ t☎✄♦✉✂☎♦✉t t☎❡ ❧✐ ❡t✐♠❡ ♦  ❛✁ ♦✄✂❛✁✐s♠♥
❢❡✂✐✁✁✐✁✂ ✇✐t☎❍♦♠♦ ✂☎♣✁❡✆✂✳
✛ ✑✕✜✤ ✜✧★✠☎❡ ♠♦st ♦❢✈✐♦✉s ✄♦✉t❡ t♦ ✆♦♠♣❧❡t❡ ❛✁✁♦✲
t❛t✐♦✁ ❧✐❡s ✐✁ t☎❡ s②st❡♠❛t✐✆ ❛♣♣❧✐✆❛t✐♦✁ ♦  ❈✱✤ ✆♦✉♣❧❡❞
t♦ ✁❛✁♦♣♦✄❡ s❡q✉❡✁✆✐✁✂ ✭✭✩✪✫ ✹✯
✳ ❈❛♣t✉✄❡ ❧✐❢✄❛✄② ❞❡s✐✂✁s
✇♦✉❧❞ ☎❛✈❡ t✇♦ ♠❛✐✁ ✆♦♠♣♦✁❡✁ts✳ ✞✐✄st♥ ✐✁ ♦✄❞❡✄ t♦
✆♦♠♣❧❡t❡ ❡✟✐st✐✁✂ ❛✁✁♦t❛t✐♦✁s♥ t☎❡ ❡✁t✐✄❡ ✆❛t❛❧♦✂✉❡ ♦ 
❦✁♦✇✁ ❧✁✆✕◆❆s ✇♦✉❧❞ ❢❡ t❛✄✂❡t❡❞
✷✛
✳ ✤❡✆♦✁❞♥ ✐✁ ♦✄❞❡✄
t♦ ♠❛♣ ✉✁❦✁♦✇✁ ❧✁✆✕◆❆s♥ s✉s♣❡✆t❡❞ ❧♦✆✐ ❧②✐✁✂ ♦✉ts✐❞❡
♦  ❛✁✁♦t❛t❡❞ ❡✟♦✁s ✇♦✉❧❞ ❢❡ ♣✄♦❢❡❞✳ ✠☎❡s❡ ✇♦✉❧❞ ✆♦♠❡
 ✄♦♠ t✇♦♠❛✐✁ s♦✉✄✆❡s❄  ✐✄st♥ ❧♦✆✐ ✇✐t☎ ❛ ☎✐✂☎ ✆♦✁ ✐❞❡✁✆❡
 ♦✄ ❧✁✆✕◆❆ ♣✄♦❞✉✆t✐♦✁♥ s✉✆☎ ❛s ♣☎②s✐✆❛❧ ❡✈✐❞❡✁✆❡  ✄♦♠
✕◆❆✲s❡q✲❞❡✄✐✈❡❞ ❛ss❡♠❢❧✐❡s ❛✁❞ ✐✁t✄♦✁s
✹✹✱✽✛
♥ ❛✁❞ s❡✆✲
♦✁❞♥ ✄❡✂✐♦✁s ✇✐t☎ ♠♦✄❡ s♣❡✆✉❧❛t✐✈❡ ❡✈✐❞❡✁✆❡♥ s✉✆☎ ❛s
♣✄❡❞✐✆t❡❞ ❧✁✆✕◆❆ ♦✄t☎♦❧♦✂✉❡s  ✄♦♠ ♦t☎❡✄ s♣❡✆✐❡s
✷✹
♥
❢✐♦✐✁ ♦✄♠❛t✐✆ ♣✄❡❞✐✆t✐♦✁s
✽✽
♥ ✗✉❆✤ ✄❡✂✐♦✁s
✽✧
♦✄ s♠❛❧❧
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✮✸✸➊✮✸✻
✩ ❋✗♣✓✰✑✔✘✙✓✛ ✗❢ t✖✓ ⑦✸✺☎✜✓✚t♥
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✗✜✚✓♣✣✑t✕✗✏★✩ ❚✗❣✓t✖✓♣✇✕t✖ t✖✓ ✘♣✓✚✓✏t✙✪ ✙✗✇✏✤✔✜✓♣ ✗❢ ❝✑✚✓✚ ❢✗♣✇✖✕❝✖ ✘✓✘t✕✒✓✚ ✖✑✣✓
✒✕♣✓❝t✙✪ ✜✓✓✏ ✗✜✚✓♣✣✓✒✛ t✖✕✚ ✗✜✚✓♣✣✑t✕✗✏✔✓✑✏✚ t✖✑t ✕t ✔✑✪✜✓✘♣✓✔✑t✤♣✓ t✗ ✚✤✘✘✗✚✓
t✖✑t✔✗✚t ✙✏❝❘✥✦✚ ✑♣✓ t♣✑✏✚✙✑t✓✒ ✕✏t✗ ❢✤✏❝t✕✗✏✑✙ ✘✓✘t✕✒✓✚✩
❚✖✕✚ ✕✚ ✏✗t t✗ ✚✑✪ t✖✑t ✑✏✏✗t✑t✕✗✏✚ ✚✖✗✤✙✒ ✏✗t ✜✓ ♣✕❣✗♣✗✤✚✙✪ ✚❝♣✓✓✏✓✒ t✗ ❢✙✑❣
➇t♣✑✏✚❝♣✕✘t✚ ✗❢ ✤✏❜✏✗✇✏❝✗✒✕✏❣ ✘✗t✓✏t✕✑✙♥ ✭❘✫✭✫
✮✴✸
✯✩ ✦ ✣✑♣✕✓t✪ ✗❢ t✗✗✙✚ ✓✰✕✚t t✗✘♣✓✒✕❝t
✘♣✗t✓✕✏♥❝✗✒✕✏❣ ♣✓❣✕✗✏✚ ✕✏❘✥✦ ✚✓s✤✓✏❝✓✚✛ ✇✖✕❝✖✔✑✪✜✓ ❝✙✑✚✚✕❢✕✓✒ ✑✔✗✏❣✚t t✖✗✚✓ ✤✚✕✏❣
✕✏t♣✕✏✚✕❝ ✚✓s✤✓✏❝✓ ✘♣✗✘✓♣t✕✓✚ ✧❢✗♣ ✓✰✑✔✘✙✓✛ ◆✗✒✕✏❣♥P✗t✓✏t✕✑✙ ✦✚✚✓✚✚✔✓✏t ❚✗✗✙
✧◆P✦❚★
✮✸✼
★✛ ✚✕✔✕✙✑♣✕t✪ t✗ ❜✏✗✇✏✘♣✗t✓✕✏✚ ✧❢✗♣ ✓✰✑✔✘✙✓✛ ◆✗✒✕✏❣ P✗t✓✏t✕✑✙ ◆✑✙❝✤✙✑t✗♣
✧◆P◆★
✮✸✵
★ ✑✏✒ ✓✣✗✙✤t✕✗✏✑♣✪ ✚✕❣✏✑t✤♣✓✚ ✗❢ ✘♣✗t✓✕✏ ✓✣✗✙✤t✕✗✏ ✧❢✗♣ ✓✰✑✔✘✙✓✛ P✖✪✙✗◆❙❋
✺✴
★✩
❚✖✓ ✙✑tt✓♣ t✗✗✙ ✕✚ ❝✗✏✚✕✒✓♣✓✒ t✗ ✖✑✣✓ t✖✓ ❣♣✓✑t✓✚t ✚✓✏✚✕t✕✣✕t✪✛ ✘✑♣t✕❝✤✙✑♣✙✪ ❢✗♣ ✚✖✗♣t
✘✓✘t✕✒✓✚
✮✴✻✱✮✸✷
✜✤t ✕✒✓✏t✕❢✕✓✚ ✗✏✙✪ ✓✣✗✙✤t✕✗✏✑♣✕✙✪ ❝✗✏✚✓♣✣✓✒ ✘✓✘t✕✒✓✚ ✑✏✒ ✕✚
❝✗✔✘✤t✑t✕✗✏✑✙✙✪ ✕✏t✓✏✚✕✣✓✩▼✗♣✓ ✒✕♣✓❝t ✓✣✕✒✓✏❝✓ ❝✗✔✓✚ ❢♣✗✔✔✑✚✚ ✚✘✓❝t♣✗✔✓t♣✪✛
✑✙t✖✗✤❣✖ ✙✗✇✚✓✏✚✕t✕✣✕t✪ ✑✏✒ t✖✓ ✚✖✗♣t ✙✓✏❣t✖ ✗❢ ✘✗t✓✏t✕✑✙ ✘✓✘t✕✒✓✚ ❝✗✔✘✙✕❝✑t✓✚ t✖✓✕♣
✕✒✓✏t✕❢✕❝✑t✕✗✏
✷✸✱✮✺✶➊✮✺✬
✛ ✑✏✒ ❝✑♣✓✔✤✚t ✜✓ t✑❜✓✏ t✗ ❝✗♣♣✓❝t✙✪ ✓✚t✕✔✑t✓ ❢✑✙✚✓♥✘✗✚✕t✕✣✓
✘♣✓✒✕❝t✕✗✏✚
✮✺✴
✩
▼✗✚t ✑✏✏✗t✑t✕✗✏ ✘✕✘✓✙✕✏✓✚ ✕✏t✓❣♣✑t✓ ✗✏✓ ✗♣ ✚✓✣✓♣✑✙ ✗❢ t✖✓✚✓ ✑✘✘♣✗✑❝✖✓✚
✮✴✻
✩ ❋✗♣
✲❊✥◆✳❉❊✛ ✕✏ ✑✒✒✕t✕✗✏ t✗ ❝✗✔✘✑♣✕✏❣ ✘✤t✑t✕✣✓✳❘❋✚ ✇✕t✖✕✏ ✙✏❝❘✥✦✚ t✗ ✓✏t♣✕✓✚ ✕✏
♣✓❢✓♣✓✏❝✓ ✘♣✗t✓✕✏✒✑t✑✜✑✚✓✚✛ ✚✤❝✖ ✑✚❯✏✕P♣✗t ✑✏✒ P❢✑✔✛ ✑✙✙ ✙✏❝❘✥✦✚ ✑♣✓ ♣✗✤t✕✏✓✙✪ t✓✚t✓✒
✤✚✕✏❣ ✜✗t✖ P✖✪✙✗◆❙❋ ✑✏✒ ✒✓✒✕❝✑t✓✒ ✘♣✗t✓✗❣✓✏✗✔✕❝✚ ❢✕✙t✓♣✕✏❣✩▼✑✏✤✑✙ ♣✓♥✓✰✑✔✕✏✑t✕✗✏
❝✑✏ ✙✓✑✒ t✗ ♣✓❝✙✑✚✚✕❢✕❝✑t✕✗✏ ✗❢ ✒✤✜✕✗✤✚ ✙✏❝❘✥✦✚✩ ❍✗✇✓✣✓♣✛ t✖✕✚ ✕✚ ❢✑✕♣✙✪ ✕✏❢♣✓s✤✓✏t❧ ✑
✚t♣✕✏❣✓✏t ✘♣✗t✓✗❣✓✏✗✔✕❝✚ ✇✗♣❜❢✙✗✇ t✗ ♣✓✘♣✗❝✓✚✚❃✺✄✔✕✙✙✕✗✏ ✚✘✓❝t♣✑ ♣✓✣✓✑✙✓✒✔✗♣✓
t✖✑✏ ✶✛✆☎☎✘✤t✑t✕✣✓ ✏✗✣✓✙ ✘♣✗t✓✕✏♥❝✗✒✕✏❣ ❣✓✏✓✚✛ ✜✤t ✗✏✙✪✶✝✇✓♣✓ ❝✗✏❢✕♣✔✓✒ ❢✗✙✙✗✇✕✏❣
✒✓t✑✕✙✓✒ ♣✓✑✏✑✙✪✚✕✚ ✑✏✒ ✢✤✚t ✽ ❢✓✙✙ ✕✏ ✑✏✏✗t✑t✓✒ ✙✏❝❘✥✦ ✙✗❝✕
✷✸
✩
➞ ✟✠✡☛☞✌✍✎✏✑✑✌✒ ✓✉✔✑✏✕✖✗✘✕ ✙✏✎✏✚✗❡✛ ✜✌✘✚ ✢✣ ✤✜✘✏✒✥✗✘ ✦✌✚✉✘✗✧ ★✑✑ ✘✏✥✖✚✕ ✘✗✕✗✘✩✗❡✧
ûûûüýþß✉r❡ü❝ ♠✴ýr❣
❘✁✂ ✄✁☎✆
✺✺✺
⑤
✷✮P❚✮❊❇✮✭ ✟✠✡☛
⑤
❊✥☞✬❊✮ ✡✌
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❈❛♣t✉✄❡ ❧✐❢✄❛✄✐❡s ✇♦✉❧❞ ❢❡ ✉s❡❞ t♦ ♣✄♦❢❡ ❞✐✈❡✄s❡
♦✄✂❛✁ ❛✁❞ t✐ss✉❡ ♣❛✁❡❧s ❛✆✄♦ss t☎❡ ☎✉♠❛✁ ❧✐ ❡s♣❛✁
 ✄♦♠ ❡♠❢✄②♦s t♦ ❛✂❡❞ ❛❞✉❧ts♥ t☎✉s ✂♦✐✁✂ ❢❡②♦✁❞ t☎❡
❛❞✉❧t ♦✄✂❛✁ ♣❛✁❡❧s ❛✁❞ t✉♠♦✉✄s t☎❛t t❡✁❞ t♦ ❞♦♠✐✲
✁❛t❡ ♣✄❡s❡✁t ❞❛t❛ s❡ts
✧✶✱✧✷
✳ ✗✐✈❡✁ t☎❛t ♦✄✂❛✁s ❛✄❡ ✆♦♠✲
♣❧❡✟ ♠✐✟t✉✄❡s ♦  ✆♦♠♠♦✁ ❛✁❞ ✄❛✄❡ ✆❡❧❧ t②♣❡s♥ ✐t ✇✐❧❧
❛❧s♦ ❢❡ ❢❡✁❡ ✐✆✐❛❧ t♦ ♣✄♦❢❡ ♣✉✄✐ ✐❡❞ ✆❡❧❧ ♣♦♣✉❧❛t✐♦✁s
✧✸
✳
✠❡✆☎✁♦❧♦✂② ♣❡✄♠✐tt✐✁✂♥ t☎✐s ♠❛② ❡✈❡✁t✉❛❧❧② ❢❡
❡✟t❡✁❞❡❞ t♦ s❛♠♣❧✐✁✂ s✐✁✂❧❡✲✆❡❧❧ t✄❛✁s✆✄✐♣t♦♠❡s ♦ 
✄❛✄❡ t②♣❡s t☎❛t ✇♦✉❧❞ ❢❡ ♠✐ss❡❞ ✐✁ ❢✉❧❦ ♣✄❡♣❛✄❛t✐♦✁s
✛✶
✳
✞✐✁❛❧❧②♥ t☎❡ ♠❛❥♦✄✐t② ♦  t✄❛✁s✆✄✐♣t♦♠❡ st✉❞✐❡s t♦ ❞❛t❡
☎❛✈❡ ❢❡❡✁ ♣❡✄ ♦✄♠❡❞ ♦✁ ✐✁❞✐✈✐❞✉❛❧s ♦  ✰✉✄♦♣❡❛✁
❛✁✆❡st✄②♥ ♠❛❦✐✁✂  ✉t✉✄❡ s❛♠♣❧✐✁✂ ❛✆✄♦ss ❞✐  ❡✄❡✁t
☎✉♠❛✁ ♣♦♣✉❧❛t✐♦✁s ❛ ♣✄✐♦✄✐t②✳
✤✉✆☎ ❛✁ ❛♠❢✐t✐♦✉s ♣✄♦❥❡✆t ✇♦✉❧❞ ❡✁t❛✐❧ ✆♦✁s✐❞❡✄❛❢❧❡
❧♦✂✐st✐✆❛❧ ❛✁❞ ❡✆♦✁♦♠✐✆ ✆☎❛❧❧❡✁✂❡s✳ ❆s ✄❡✆♦✂✁✐✘❡❞ ❢②
✰◆❈s✝✰
✺✹
♥ ❛ ♣✄❛✆t✐✆❛❧  ✐✄st st❡♣ ✇♦✉❧❞ ❢❡ t♦  ♦✆✉s ♦✁
✆♦♠♣❧❡t❡ ✆♦❧❧❡✆t✐♦✁s ♦  ❧✁✆✕◆❆ ✐✁ ❞❡ ✐✁❡❞ ✆❡❧❧ t②♣❡s ♦✄
♦✄✂❛✁s✳ ✠☎❡s❡ ♠✐✂☎t ❡✁t❛✐❧ ✆♦♠♣❧❡✟ ♦✄✂❛✁s ♦✄ ✆❡❧❧ ❧✐✁❡s
♦  ♣❛✄t✐✆✉❧❛✄ s✆✐❡✁t✐ ✐✆ ♦✄ ❢✐♦♠❡❞✐✆❛❧ ✄❡❧❡✈❛✁✆❡♥ s✉✆☎ ❛s
✰◆❈s✝✰ ✆❡❧❧ ❧✐✁❡s
✽✖
✳
❈❛♣t✉✄❡❞ ✆✝◆❆ ❧✐❢✄❛✄✐❡s ✇♦✉❧❞ ❢❡ s❡q✉❡✁✆❡❞ ✉s✐✁✂
✁❛✁♦♣♦✄❡ t❡✆☎✁♦❧♦✂②♥ ✉♣ t♦ ❛ ✄❛t✐♦✁❛❧❧② ✆☎♦s❡✁ ❞❡♣t☎♥
❞❡ ✐✁❡❞ ❢❡❧♦✇✳ ✠☎❡ ❛✆✆✉✄❛✆② ♦  t☎❡ ✥✤ ❡✁❞♥ t☎❡ ✠✤ ❡✁❞
❛✁❞ s♣❧✐✆❡ ❥✉✁✆t✐♦✁s ✇♦✉❧❞ ❢❡ ✈❛❧✐❞❛t❡❞ ✉s✐✁✂ ✐✁❞❡♣❡✁❞✲
❡✁t ❞❛t❛ s❡ts♥ ✐✁ ❛❞❞✐t✐♦✁ t♦ ❢✐♦✐✁ ♦✄♠❛t✐✆ ❛✁❞ ❡✟♣❡✄✐✲
♠❡✁t❛❧ s✆✄❡❡✁✐✁✂  ♦✄ ♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✆❛♣❛✆✐t②
✺✸✱✧✹
✳ ✉✐t☎
t☎✐s ❧❡✈❡❧ ♦  q✉❛❧✐t②♥ ✄❡s✉❧t✐✁✂ t✄❛✁s✆✄✐♣t ♠♦❞❡❧s ✆❛✁ ❢❡
❛❞❞❡❞ t♦ ❡✟✐st✐✁✂ ❛✁✁♦t❛t✐♦✁s ✇✐t☎ ❧♦✇ ❧❡✈❡❧s ♦  s✆✄✉t✐✁②
❢② ☎✉♠❛✁ ❛✁✁♦t❛t♦✄s♥ ♠✐✁✐♠✐✘✐✁✂ t☎❡ ❞❡❧❛② ❢❡t✇❡❡✁
s❡q✉❡✁✆✐✁✂ ❛✁❞ ♣✉❢❧✐✆ ❛✈❛✐❧❛❢✐❧✐t②✳
❍✕✇ ✤✕ ✇✔ ✥✘✕✇ ✇✬✔✘ ✏✕ ✣✏✕✧✮✳ ❆ ✁✉♠❢❡✄ ♦  ✆♦✁✲
s✐❞❡✄❛t✐♦✁s ♠✉st ✂✉✐❞❡ ❞❡✆✐s✐♦✁s ✄❡✂❛✄❞✐✁✂ ✄❡s♦✉✄✆❡
❛❧❧♦✆❛t✐♦✁ ✐✁ ❛✁✁♦t❛t✐♦✁ ♣✄♦❥❡✆ts✳ ✞✐✄st♥ ✇❡ ♠✉st t❛❦❡
✆❛✄❡ t♦  ♦✆✉s ❡  ♦✄ts ♦✁ ✆♦❧❧❡✆t✐✁✂ ❧✁✆✕◆❆s ♦  ❢✐♦❧♦✂✐✲
✆❛❧ ✄❡❧❡✈❛✁✆❡✳♥✁ ♦✄t✉✁❛t❡❧②♥ ✇❡ ✄❡♠❛✐✁  ❛✄  ✄♦♠ ☎❛✈✐✁✂
✄❡❧✐❛❢❧❡ ♠❡t☎♦❞s  ♦✄ ❞✐st✐✁✂✉✐s☎✐✁✂  ✉✁✆t✐♦✁❛❧ ❧✁✆✕✲
◆❆s  ✄♦♠ t✄❛✁s✆✄✐♣t✐♦✁❛❧ ✁♦✐s❡✳ ❆❧t☎♦✉✂☎ ✐♠♣♦s✐✁✂
❛ ♠✐✁✐♠✉♠ ❡✟♣✄❡ss✐♦✁ t☎✄❡s☎♦❧❞ ✐s ❛✁ ♦❢✈✐♦✉s ♣❛t☎♥
t☎❡ ❞✐s✆♦✈❡✄② ♦  ❛♣♣❛✄❡✁t❧②  ✉✁✆t✐♦✁❛❧ ❧✁✆✕◆❆s ✇✐t☎
❡✟♣✄❡ss✐♦✁ ♦  ❁❁✙ ✆♦♣② ♣❡✄ ✆❡❧❧
✷✖
✇♦✉❧❞ ❛✄✂✉❡ ❛✂❛✐✁st
✐♠♣♦s✐✁✂ ❛ ☎❛✄❞ ❡✟♣✄❡ss✐♦✁ ✆✉t✲♦  ✳ ◆❡✈❡✄t☎❡❧❡ss♥
t♦ ♠❛✟✐♠✐✘❡ ✉s❡ ✉❧✁❡ss ✐✁ ❞♦✇✁st✄❡❛♠ ❛♣♣❧✐✆❛t✐♦✁s
s✉✆☎ ❛s ✕◆❆✲s❡q♥ ✐t ✐s s♦♠❡t✐♠❡s ☎❡❧♣ ✉❧ t♦ ❡❧✐♠✐✁❛t❡
✉✁✁❡✆❡ss❛✄② ✆♦♠♣❧❡✟✐t② ❛✄✐s✐✁✂  ✄♦♠ ✂✄♦✇✐✁✂ ✁✉♠❢❡✄s
♦  t✄❛✁s✆✄✐♣t ✐s♦ ♦✄♠s✳ ✠☎✐s ☎❛s ♣✄♦♠♣t❡❞ t☎❡ ✆✄❡❛t✐♦✁
♦  s✐♠♣❧✐ ✐❡❞ ❛✁✁♦t❛t✐♦✁s s✉✆☎ ❛s ✗✰◆❈s✝✰✁s ❃❛s✐✆
❛✁✁♦t❛t✐♦✁ ✭❇❖❳ å✯
✳
❆ q✉❡st✐♦✁ ♦  s✐✁✂✉❧❛✄ ✐♠♣♦✄t❛✁✆❡ t♦ t☎❡ ❞❡s✐✂✁ ♦ 
❛✁✁♦t❛t✐♦✁ ♣✄♦❥❡✆ts ✐s❄ ✐s t☎❡ ❧✁✆✕◆❆ ♣♦♣✉❧❛t✐♦✁  ✐✁✐t❡♥
❛✁❞ ✐  s♦♥ ☎♦✇ ♠❛✁② t✄❛✁s✆✄✐♣ts ❛✁❞ ❧♦✆✐ ❞♦❡s ✐t ✆♦♠✲
♣✄✐s❡❡s✄ ✆♦✁✈❡✄s❡❧②♥ ✐s ❛✁ ❡  ♦✄t ❛t ✆♦♠♣❧❡t❡ ❛✁✁♦t❛t✐♦✁
❞♦♦♠❡❞ ❢② t☎❡  ❛✆t t☎❛t t☎❡ t✄❛✁s✆✄✐♣t♦♠❡ ✐s ✐✁ ✐✁✐t❡♥
♦✇✐✁✂ t♦ ♣❡✄✈❛s✐✈❡ t✄❛✁s✆✄✐♣t✐♦✁ ♦✄ ✉✁❧✐♠✐t❡❞ ✆♦♠❢✐✁❛✲
t♦✄✐❛❧ s♣❧✐✆✐✁✂
✽✺
❡❈❡✄t❛✐✁❧②♥ ❛ t❡✄ ❛ ❞❡✆❛❞❡ ♦  ✄❡s❡❛✄✆☎♥ ✇❡
❛✄❡ ❧✐tt❧❡ ✆❧♦s❡✄ t♦ ❛ss✐✂✁✐✁✂ ❛✁ ✉♣♣❡✄ ❢♦✉✁❞ t♦ t☎❡  ✐✄st
q✉❡st✐♦✁✳ ✕❡✆❡✁t ❈✱✤ st✉❞✐❡s  ✐✁✐s☎❡❞ s❡q✉❡✁✆✐✁✂ ❢❡ ♦✄❡
s❛t✉✄❛t✐✁✂ ❡✈❡✁ ❛❧✄❡❛❞② ❦✁♦✇✁ ❧✁✆✕◆❆ ❧♦✆✐
✷✛
♥ ✇☎✐❧❡ ❛
✄❡✆❡✁t st✉❞② ✆❧❛✐♠s t☎❛t ❧✁✆✕◆❆ ✂❡✁❡s ❡✟♣❧♦✄❡ ❛st✄♦✲
✁♦♠✐✆❛❧ ✁✉♠❢❡✄s ♦  ❛✈❛✐❧❛❢❧❡ s♣❧✐✆✐✁✂ ✆♦♠❢✐✁❛t✐♦✁s
✽✺
✳
✞✉✄t☎❡✄♠♦✄❡♥ ♣✄❡s❡✁t ✉♣♣❡✄ ❡st✐♠❛t❡s ♦  ❧✁✆✕◆❆ ✁✉♠✲
❢❡✄s ❛✄❡ ❢✐❛s❡❞ t♦✇❛✄❞s ❛❞✉❧t ✆❡❧❧ t②♣❡s♥ ✄❛✐s✐✁✂ t☎❡ ♣♦ss✐✲
❢✐❧✐t② ♦  ❡✟✐st❡✁✆❡ ♦  ✉✁t♦❧❞ ✁✉♠❢❡✄s ♦  ❞❡✈❡❧♦♣♠❡✁t❛❧❧②
✄❡✂✉❧❛t❡❞ ❧✁✆✕◆❆s✳
❆  ✉✄t☎❡✄ s♦✉✄✆❡ ♦  ✆♦♠♣❧❡✟✐t② ✆♦✉❧❞ ❢❡  ♣❡✄s♦✁❛❧✁
t✄❛✁s✆✄✐♣t♦♠❡ss ❧✁✆✕◆❆s t☎❛t ❛✄❡ ✉✁✐q✉❡ t♦ ✐✁❞✐✈✐❞✲
✉❛❧s ♦✄ ♣♦♣✉❧❛t✐♦✁s
✧✺✱✧✻
✳ ✤✉✆☎ t✄❛✁s✆✄✐♣ts ♠✐✂☎t ❛✄✐s❡
 ✄♦♠ ✐✁❞✐✈✐❞✉❛❧✲s♣❡✆✐ ✐✆ ✂❡✁♦♠✐✆ ✄❡✂✐♦✁s t☎❛t ❛✄❡ ✁♦t
P❉★
❈✪✿❩
❉✺✴✱✳✬✻ ❲✵✲ 
★❙✳✲✱ ✲✻✵✸✴
❏✳✬❣ ✲✻✵✸✴
❈✵✹✱✽✲✻ ✹✲✳✐✻✴
❆
❆
❆
❆
❆
❆
❆
❆
❆
❆
❆
❆
❆
❆
❆
❆
❈✁✂✄☎✆
♣✁✝✞☎✝✄✟❧
✤❧✝✞✠
✡☎☎✁✝✟✝✄✁☎
♣✄♣✞❧✄☎✞
▼✟☎☛✟❧
❝☛✠✟✝✄✁☎
☞ ❊✌✄✍✝✄☎✆
✟☎☎✁✝✟✝✄✁☎✍
☞ ❚✠✟☎✍❝✠✄♣✝
✟✍✍✞❛✎❧✄✞✍
☞ P✠✞✂✄❝✝✞✂
✁✠✝♦✁❧✁✆☛✞✍
☞ ❈✁☎✍✞✠✈✞✂
✏✞✆✄✁☎✍
✡✍✍✄✆☎
q☛✟❧✄✝✑
✍❝✁✠✞
✡☎☎✁✝✟✝✞✂
❙☛✍♣✞❝✝✞✂❄
✒✓✔✕✖✗✘
❞✘✙✚✛✜
✢✣✦✧
★✚✩✗✓✗✪
✒✓✔✕✖✗✘✫
✬ ✭
❀ ❞
✦✓✜◆✔◆✗✘ ✮✚✐✘✯
■✰✱✲✳✰✴
✵✶✶
✷✸✶
➆④✈❼ ➅
⑤
✹❋■❄▲❇❂■❉❋▲ ❖❂❍■❬❇❄ ❂❋❏ ▼❊❋▲✯❇❄❂❏ ❈❄✺❬❄❋❖❉❋▲✻❉■◗ ❂❋❋❊■❂■❉❊❋ ❍❉❍❄▼❉❋❄❈♣
❂
⑤
➆❻➃➃➍➃✉r✈t⑧ ❹❵❪➂ ➃④⑩✇③✇④✉❶ ③✇✉ ❺✇✉❺③✇✉⑨ ⑦✇⑥❸③ ❣③✇④✉t➄ ⑥⑦ t④❶❶❻✉❶ ③❹✇⑥❶❶ t⑧✉ ⑧❻❸③r
➃④⑦✉❶❺③r❼✈
⑤
❷③✇✈✉t ③rr⑥t③t④⑥r❶ ③✇✉ ❺✇✉❺③✇✉⑨ ⑦✇⑥❸③ ❣③✇④✉t➄ ⑥⑦ ✇r⑥➏r③r⑨ ❶❻❶❺✉❹t✉⑨
➃⑥r✈r⑥r➍❹⑥⑨④r✈➉❪➂ ❢➃r❹➉❪➂✐ ➃⑥❹④ ③r⑨❻❶✉⑨ t⑥ ⑨✉❶④✈r ❹③❺t❻✇✉❺✇⑥⑩✉❶ ❢⑩➃③❹✇⑩③✇❶✐❼
❖
⑤
➊⑥➃❻t④⑥r➍❺⑧③❶✉ ⑥➃④✈⑥r❻❹➃✉⑥t④⑨✉ ❹③❺t❻✇✉ ④❶ ❺✉✇⑦⑥✇❸✉⑨♠ ③r⑨✉r✇④❹⑧✉⑨ ❹❵❪➂ ➃④⑩✇③✇④✉❶ ③✇✉
❶✉➋❻✉r❹✉⑨ ⑩➄ ➃⑥r✈➍✇✉③⑨r③r⑥❺⑥✇✉ ③r⑨ ❶⑧⑥✇t➍✇✉③⑨ q➃➃❻❸④r③ t✉❹⑧r⑥➃⑥✈④✉❶❼ ❏
⑤
❷⑧✉ ✇✉❶❻➃t④r✈
➃⑥r✈ ✇✉③⑨❶ ③✇✉ ❹⑥➃➃③❺❶✉⑨ t⑥❺✇⑥⑨❻❹✉r⑥r➍✇✉⑨❻r⑨③rt t✇③r❶❹✇④❺t❸⑥⑨✉➃❶❼ ❷⑧✉ ❹⑥❸❺➃✉t✉r✉❶❶
③r⑨③❹❹❻✇③❹➄⑥⑦ t⑧✉❶✉❸⑥⑨✉➃❶ ③✇✉③❶❶✉❶❶✉⑨❻❶④r✈❣③✇④⑥❻❶ ✉❣④⑨✉r❹✉q ④rt✇⑥r❶ ❢⑩➃❻✉ t✇④③r✈➃✉❶✐
⑩➄ ❶⑧⑥✇t ✇✉③⑨❶① t✇③r❶❹✇④❺t④⑥r ❶t③✇t ❶④t✉ ❢❷➊➊① ✈✇✉✉r ❶t③✇✐ ⑩➄❺✇⑥❸⑥t✉✇ ⑧④❶t⑥r✉
❸⑥⑨④⑦④❹③t④⑥r❶♠ ❹③❺ ③r③➃➄❶④❶ ⑥⑦ ✈✉r✉✉➔❺✇✉❶❶④⑥r ❢❴➂➇❞✐ ❹➃❻❶t✉✇❶ ③r⑨❵❪③❶✉ q
⑧➄❺✉✇❶✉r❶④t④❣④t➄ ❶④t✉❶ ❢❵✼➊❶✐① ③r⑨❺⑥➃➄③⑨✉r➄➃③t④⑥r ❶④t✉ ❢➑➂➊① ✇✉⑨ ❶t③✇✐ ⑩➄ ➃⑥r✈➍
✇✉③⑨➍✉r❹⑥⑨✉⑨❺⑥➃➄❢➂✐ t③④➃❶❼ ❄
⑤
❲④t⑧ t⑧④❶ ④r⑦⑥✇❸③t④⑥r♠ t✇③r❶❹✇④❺t❸⑥⑨✉➃❶ ③✇✉ ✈✇③⑨✉⑨
⑦⑥✇ ❹⑥❸❺➃✉t✉r✉❶❶♠ ❹⑧✉❹✇✉⑨ ⑦⑥✇ ❺✇⑥t✉④r➍❹⑥⑨④r✈❺⑥t✉rt④③➃ ③r⑨❺③❶❶✉⑨ t⑥ ③rr⑥t③t⑥✇❶ ⑦⑥✇
✉④t⑧✉✇ ⑨④✇✉❹t ④r❹⑥✇❺⑥✇③t④⑥r ④rt⑥ ③rr⑥t③t④⑥r❺④❺✉➃④r✉❶ ❢⑦⑥✇ ❹⑥❸❺➃✉t✉❸⑥⑨✉➃❶✐ ⑥✇ ⑦❻✇t⑧✉✇
❸③r❻③➃ ❹❻✇③t④⑥r ❢④r❹⑥❸❺➃✉t✉❸⑥⑨✉➃❶✐❼
➞ ✟✠✡☛☞✌✍✎✏✑✑✌✒ ✓✉✔✑✏✕✖✗✘✕ ✙✏✎✏✚✗❡✛ ✜✌✘✚ ✢✣ ✤✜✘✏✒✥✗✘ ✦✌✚✉✘✗✧ ★✑✑ ✘✏✥✖✚✕ ✘✗✕✗✘✩✗❡✧
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✄❡♣✄❡s❡✁t❡❞ ✐✁ t☎❡ ✄❡ ❡✄❡✁✆❡ ♦✄ ❡❧s❡ s☎❛✄❡❞ ✂❡✁♦♠✐✆
✄❡✂✐♦✁s t☎❛t ❛✄❡ ❛✆t✐✈❡ ✐✁ ✆❡✄t❛✐✁ ✐✁❞✐✈✐❞✉❛❧s t☎❛✁❦s
t♦ ♣✄♦✆❡ss❡s s✉✆☎ ❛s t✄❛✁s♣♦s♦✁ ✐✁s❡✄t✐♦✁
✧✛✱✧✽
♦✄ tr☎✆✂✲
❛✆t✐✁✂  ❛✆t♦✄s
✧✧
✳ ✰✈❡✁ ✐  t☎❡ s✐✘❡ ♦  ❡✈❡✄② ✐✁❞✐✈✐❞✉❛❧
♣❡✄s♦✁❛❧ t✄❛✁s✆✄✐♣t♦♠❡ ✐s s♠❛❧❧♥ s✉♠♠❡❞ ❛✆✄♦ss t☎❡
❡✁t✐✄❡ ♣♦♣✉❧❛t✐♦✁ ✐t ✆♦✉❧❞ ❢❡ ❡✁♦✄♠♦✉s✳ ✰  ♦✄ts t♦ ♠❛♣
♣❡✄s♦✁❛❧ ✂❡✁♦♠❡s ❛✁❞ t✄❛✁s✆✄✐♣t♦♠❡s ❛✄❡ ✉✁❞❡✄✇❛②
✇✐t☎ t☎❡ ✰◆❈s✝✰ ✠✐ss✉❡ ✰✟♣✄❡ss✐♦✁ ✥✰✁✠✰✟✮ ♣✄♦❥❡✆t
❛♠♦✁✂st ♦t☎❡✄s
✶✖✖
✳ P❡✄s♦✁❛❧ ❧✁✆✕◆❆s♥ ✐  t☎❡② ❡✟✐st♥ ♠❛②
❡✟♣❧❛✐✁ ✐✁❞✐✈✐❞✉❛❧✲s♣❡✆✐ ✐✆ ♣☎❡✁♦t②♣❡s ❛✁❞  ❡❛t✉✄❡s ❛✁❞
✆♦✉❧❞ ❢❡ ♦  ✆✄✉✆✐❛❧ ✐♠♣♦✄t❛✁✆❡ t♦ ♣❡✄s♦✁❛❧✐✘❡❞♠❡❞✐✆✐✁❡✳
❍♦✇❡✈❡✄♥ t☎❡✄❡ ✐s ❡✈✐❞❡✁✆❡ s✉♣♣♦✄t✐✁✂ t☎❡  ✐✁✐t❡✁❡ss
♦  t☎❡ ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣t♦♠❡✳ ✤✐♠✉❧❛t✐♦✁s ♣❡✄ ♦✄♠❡❞
♦✁ ✄❡❧❛t✐✈❡❧② s☎❛❧❧♦✇ ❈✱✤ s❡q✉❡✁✆❡s  ✄♦♠ ❛✁ ❛❞♠✐tt❡❞❧②
❧✐♠✐t❡❞ ✄❛✁✂❡ ♦  t✐ss✉❡s ❡✟☎✐❢✐t❡❞ ❛ ❞❡✆✄❡❛s✐✁✂ ✄❛t❡ ♦  ❞✐s✲
✆♦✈❡✄② ✇✐t☎ ❞❡♣t☎
✷✛
♥ ✐✁❞✐✆❛t✐✁✂ t☎❛t ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣t
✆♦♠♣❧❡✟✐t② t❡✁❞s t♦✇❛✄❞s ❛✁ ❛s②♠♣t♦t❡✳ ✝❡✈❡s♦✁ ❡t ❛❧✳
s❡❡♠ t♦ ☎❛✈❡ ❡✟☎❛✉st✐✈❡❧② ♠❛♣♣❡❞ ❛❧❧ ❡✟♦✁s ♦✁ ✆☎✄♦✲
♠♦s♦♠❡ s✙ ✐✁ t❡st✐s
✽✺
✳ ✤✐♠✐❧❛✄❧②♥ ✐✁ ❛✁❛❧②s❡s ♦  ✁❡❛✄❧② t☎❡
❡✁t✐✄❡ ✈♦❧✉♠❡ ♦  ♣✉❢❧✐✆ ✕◆❆✲s❡q ❞❛t❛♥ t☎❡ ✁✉♠❢❡✄ ♦ 
s♣❧✐✆❡ s✐t❡s ❛❧♠♦st ✄❡❛✆☎❡❞ ❛ ♣❧❛t❡❛✉
✽✛
✳ ✞✐✁❛❧❧②♥ ❛ ♠♦✄❡
 ♦✆✉s❡❞ st✉❞② ✐✁ ❃ ✆❡❧❧s ❛❧s♦  ♦✉✁❞ ❡✈✐❞❡✁✆❡  ♦✄ ❛✁ ✉♣♣❡✄
t☎✄❡s☎♦❧❞ ✐✁ ❧✁✆✕◆❆ ✐s♦ ♦✄♠ ❞✐✈❡✄s✐t②
✶✖✶
✳ ✠☎❡✄❡ ♦✄❡♥
❛❧t☎♦✉✂☎ ❧✁✆✕◆❆ t✄❛✁s✆✄✐♣ts ❛✄❡ ☎✐✂☎❧② ✆♦♠♣❧❡✟ ❛✁❞
✆☎❛❧❧❡✁✂✐✁✂ t♦ ❡✟☎❛✉st✐✈❡❧② ♠❛♣♥ ❛  ✉❧❧ ♠❛♣ ♦  ❛t ❧❡❛st
t☎❡✐✄ ❡✟♦✁s ❛✁❞ s♣❧✐✆❡ s✐t❡s ✐s t✄❛✆t❛❢❧❡✳
◆❡✈❡✄t☎❡❧❡ss♥ ✐✁ ❛✁② ❧❛✄✂❡✲s✆❛❧❡ ❛✁✁♦t❛t✐♦✁ ♣✄♦❥❡✆t
✐✁✈♦❧✈✐✁✂ t☎✐✄❞✲✂❡✁❡✄❛t✐♦✁ s❡q✉❡✁✆✐✁✂ ❛t ❞❡♣t☎♥ ✐t ✇✐❧❧ ❢❡
✐♠♣❡✄❛t✐✈❡ t♦ ♣❡✄✐♦❞✐✆❛❧❧②♠♦✁✐t♦✄ t☎❡ ✄❛t❡ ♦  ✁♦✈❡❧ t✄❛✁✲
s✆✄✐♣t ❞✐s✆♦✈❡✄② ✐✁ ❡❛✆☎ t✐ss✉❡ s❛♠♣❧❡ ❛s ❛  ✉✁✆t✐♦✁ ♦ 
s❡q✉❡✁✆✐✁✂ ❞❡♣t☎✳ ✠☎✐s ✇✐❧❧ ✐✁❞✐✆❛t❡ ✇☎❡✁ t✄❛✁s✆✄✐♣t♦♠❡
✆♦♠♣❧❡✟✐t②☎❛s ❢❡❡✁s❛t✉✄❛t❡❞ ❛✁❞☎❡✁✆❡✇☎❡✁s❡q✉❡✁✆✐✁✂
✄❡s♦✉✄✆❡s s☎♦✉❧❞ ❢❡ ✄❡❛❧❧♦✆❛t❡❞ t♦ ♦t☎❡✄ s❛♠♣❧❡s✳
❈✞✁✂❧✍✡✠✞✁✡ ✝✁✎ ❞❡☞✡❞❡✂✟✠♦❡
❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ❛✄❡ ❛  ✉✁❞❛♠❡✁t❛❧ ✄❡s♦✉✄✆❡  ♦✄
❢❛s✐✆ ✄❡s❡❛✄✆☎ ❛✁❞ ❛❧s♦ ☎❛✈❡ ✂✄♦✇✐✁✂ ✐♠♣♦✄t❛✁✆❡  ♦✄
♣✄❛✆t✐✆❛❧ ❛♣♣❧✐✆❛t✐♦✁s s✉✆☎ ❛s ♣❡✄s♦✁❛❧✐✘❡❞ ♠❡❞✐✆✐✁❡
✶✖✷
✳
❆❧t☎♦✉✂☎ ✐t ☎❛s ❢❡❡✁ ❛✄✂✉❡❞♥ q✉✐t❡ ✄❡❛s♦✁❛❢❧②♥ t☎❛t
♠❛✁② ❧✁✆✕◆❆s ♠❛② ✄❡♣✄❡s❡✁t ✁♦✁✲ ✉✁✆t✐♦✁❛❧ ✁♦✐s❡♥
t☎❡ ✂✄♦✇✐✁✂ ✁✉♠❢❡✄ ♦  ✆❧❡❛✄❧② ❞♦✆✉♠❡✁t❡❞ ✆♦✉✁t❡✄✲
❡✟❛♠♣❧❡s s✉✂✂❡sts t☎❛t ❛t ❧❡❛st ❛ s✉❢st❛✁t✐❛❧  ✄❛✆t✐♦✁
♦  t✄❛✁s✆✄✐♣ts ✐s  ✉✁✆t✐♦✁❛❧ ✐✁ t☎❡ st✄✐✆t❡st s❡✁s❡ ♦ 
❡✁☎❛✁✆✐✁✂ ♦✄✂❛✁✐s♠❛❧  ✐t✁❡ss✳
✠☎❡ ✄❛♣✐❞❧② ✂✄♦✇✐✁✂ ✈♦❧✉♠❡ ♦  t☎❡ ❛✁✁♦t❛t❡❞
❧✁✆✕◆❆ t✄❛✁s✆✄✐♣t♦♠❡ ✇✐❧❧ ❢✄✐✁✂ ❢❡✁❡ ✐ts ❢✉t ❛❧s♦ ✁❡✇
✆☎❛❧❧❡✁✂❡s♥ ♣❛✄t✐✆✉❧❛✄❧② ✐✁ ♠❛❦✐✁✂ t☎✐s ✐✁ ♦✄♠❛t✐♦✁
❛✈❛✐❧❛❢❧❡ ✐✁ ❛ ✇❛② t☎❛t ♠❛✟✐♠✐✘❡s ✉s❡ ✉❧✁❡ss ✇✐t☎♦✉t
s❛✆✄✐ ✐✆✐✁✂ ✂❡✁✉✐✁❡ ❢✐♦❧♦✂✐✆❛❧ ✆♦♠♣❧❡✟✐t②✳
❆t ♣✄❡s❡✁t♥ ❧✁✆✕◆❆ ❛✁✁♦t❛t✐♦✁s ❧❛✂  ❛✄ ❢❡☎✐✁❞ t☎♦s❡
 ♦✄ ♣✄♦t❡✐✁✲✆♦❞✐✁✂ ✂❡✁❡s♥ t♦ ❛✁ ❡✟t❡✁t ✁♦t ♦ t❡✁ ❛♣♣✄❡✲
✆✐❛t❡❞ ❢② ✐✁❞✐✈✐❞✉❛❧ ✄❡s❡❛✄✆☎❡✄s✳ ❍♦✇❡✈❡✄♥ t☎❡✄❡ ✐s ✁♦✇
❛✁ ♦♣♣♦✄t✉✁✐t② t♦ ✆✄❡❛t❡ ✆♦♠♣❧❡t❡ ❛✁✁♦t❛t✐♦✁s♥ ❛t ❧❡❛st
✐✁ ✆❡✄t❛✐✁ ✇❡❧❧✲❞❡ ✐✁❡❞ ✆❡❧❧ t②♣❡s✳ ✠☎✐s ✇✐❧❧ ✁♦t ♦✁❧② ♦♣❡✁
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I
Shedding light on the deep transcriptome with
RACE-Seq and Capture Long-read Sequencing
The present work introduces two highly sensitive techniques for the detection and
annotation of long noncoding RNAs: RACE-Seq (Publication I321) and Capture Long-
read Sequencing (CLS, Publication II322). Both methodologies combine targeted tran-
scriptome enrichment to medium- (RACE-Seq) and long- (CLS) read sequencing tech-
nologies, in order to improve the detection and delineation of lncRNA transcripts in
mammalians. The choice of sequencing technologies – Roche GS-FLX 454+ for RACE-
Seq, PacBio RSII for CLS – was dictated by their output read length and commercial
availability when the projects started. Although Publication II is based on experi-
ments and analyses performed in both human and mouse, this Discussion focuses
primarily on the results obtained in human.
I.1. The RACE-Seq proof-of-concept
RACE (Rapid Amplification of cDNA Ends) is an established molecular biology
method. It has been used for many years in a low-throughput context to precisely
map individual transcript termini. While the idea of multiplexing RACE products for
large-scale sequencing is not novel136, the present work does it on an unprecedented
scale – 398 targeted GENCODE v7 human lncRNA loci, in both 5’ and 3’ directions
– while combining it with a longer-read sequencing technology. We were able to
quantify the advantage of adding a sequential nested step to the RACE protocol:
across all 7 human tissues assayed, nested RACE provided a mean 9.5-fold increase
in target specificity compared to standard, single-oligonucleotide RACE. RACE-Seq
coupled to 454 sequencing (yielding a median read length of ∼600 nts) led to the
discovery of 2,556 novel transcripts overlapping targeted regions. As a result, 238
genes (60%) saw their boundaries extended in either 5’ or 3’ – 131 (33%) in both
directions – after manual curation of the mapped 454 data. By stratifying the targeted
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loci into 5’ CAGE-supported and CAGE-unsupported categories (see Introduction,
Section II.1.4), our study shows that genes belonging to the former class are much
less likely to be extended by RACE, confirming the robustness of CAGE clusters as
predictors of transcription start sites. Within targeted loci, RACE-Seq discovers a
wealth of previously unannotated features, including 615 novel TSSs – of which 252
(41%) are supported by CAGE – while bringing up the number of annotated isoforms
per locus ∼5-fold overall. After re-annotation of the 398 loci, their median mature
transcript length increased slightly (623 vs 704 nts), although not significantly.
Taken together, results from Publication I indicate that (1), GENCODE v7 gene
models do not provide an entirely faithful representation of human lncRNA tran-
scripts, and (2), RACE-Seq enables a better definition of their 5’ and 3’ termini, and
reveals the extent of alternative splicing within these loci. Nonetheless, this study,
because it was designed as a proof-of-concept, suffers from a few biases that pre-
vent the extrapolation of its results to the entire human lncRNA catalog. First, the
chosen 398 target loci are relatively highly expressed, with a median RPKM (Reads
Per Kilobase of exon per Million mapped reads) of 8.3, compared to <1 RPKM across
the whole lncRNA population, as reported by Derrien et al.268. Second, the known
technical shortcomings of RACE (see Introduction, Section II.1.3.2), together with the
limited read length of 454 sequencing, raise doubts as to the full-length nature of
the RACE-Seq product sequences as a whole. Consequently, we speculate that the
length and end-completeness of the resulting lncRNA transcript models are substan-
tially underestimated. Coupling RACE-Seq with more modern, longer-read sequenc-
ing platforms such as PacBio and Oxford Nanopore has the potential to reduce the
length bias likely introduced by the 454 platform. Lastly, while probably amenable
to a larger set of targets, the RACE-Seq protocol still involves laborious steps that
prevent this technique from reaching the throughput of CLS (see below), and is not
realistically applicable to the large-scale interrogation of the unannotated genomic
space.
I.2. High-throughput empirical lncRNA annota-
tion with CLS
The CLS approach, presented in Publication II, addresses many of the limitations
of RACE-Seq and other targeted transcriptome sequencing methodologies. It com-
bines for the first time RNA capture with third-generation, long-read sequencing.
Our study applies RNA capture to 9,060 human and 6,615 mouse features, totaling
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∼15.5 and ∼8.3 megabases of probed regions, respectively. Included in the capture
designs were 5,953 (human) and 1,920 (mouse) annotated lincRNA genes, represent-
ing 41% and 36% of the entire GENCODE lincRNA catalog, respectively. The remain-
der of the capture probes targeted various other types of noncoding genomic regions,
from UCEs to predicted enhancers and de novo computational predictions. Capture
libraries were enriched from cDNA libraries generated in four species-matched tis-
sues, two murine whole embryos and two human immortalized cell lines. Aiming to
reduce the length bias introduced by long-read platforms (see Introduction, Section
II.1.2.1), the capture libraries were separated into three distinct size fractions, and
subsequently sequenced on the Pacific Biosciences RSII platform, yielding about two
million long circular consensus reads per species. The capture step allowed a substan-
tial 19- and 11-fold on-target read enrichment compared to non-captured samples in
human and mouse, respectively.
CLS reads were subjected to a fully automatized, high-throughput genome anno-
tation pipeline. The CLS bioinformatics workflow involves various sequential steps
including cDNA-to-genome mapping, read merging into transcript models (TMs), as
well as a series of stringent filters aimed at enhancing the quality of the resulting an-
notation without manual curation (Figure 16). The 5’ and 3’ completeness of each TM
was confirmed using FANTOM CAGE data146 and DHS peaks110 as well as polyA
tails (encoded in the CLS long reads) and proximity to polyadenylation signals284,
respectively.
In human, CLS produced a collection of 179,993 non-redundant TMs overlap-
ping genes of various GENCODE biotypes, including lincRNAs and protein-coding
genes. From the 65,736 TMs that were considered full-length, 8,494 consisted in novel
lncRNA structures arising from 947 probed loci, often revealing previously unanno-
tated locus boundaries. CLS also uncovered thousands of novel transcripts within
the intergenic space, including ∼18,000 in non-exonic regions, >600 overlapping en-
hancer predictions and >7,000 bridging regions of distinct biotypes – often involving
protein-coding exons. Within detected lincRNA regions, the number of transcripts
with confident TSSs increased by 58% compared to GENCODE (2,607 vs 1,650 CAGE-
supported TMs, respectively).
A random sample of 240 CLS TMs, stratified by level of confidence (i.e., intron
HiSeq support, 5’ CAGE and 3’ polyA support) were assessed by GENCODE anno-
tation curators, post-publication. TMs supported by at least one of the three kinds
of evidence had a validation rate of >96%, while only 62% of unsupported transcript
models passed manual inspection 1. Although performed on a small sample, this
1Jose-Manuel González, Jonathan Mudge and Adam Frankish, European Bioinformatics Institute, per-
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clearly highlights the robustness of our data processing pipeline and indicates that it
approaches the quality of manual annotation.
Figure 16: PacBio read processing in CLS. Reads from cDNA cap-
ture libraries – including both long PacBio CCS (pink) and short Il-
lumina Hiseq reads (orange) – are mapped to the genome. Each
PacBio read mapping subsequently undergoes a series of filters de-
signed to guarantee that the downstream annotation is free of arti-
facts possibly arising from cDNA synthesis and/or low sequencing
quality (see Introduction, Section II.1.2.1). Spliced PacBio reads are
required to be devoid of non-canonical introns. Support of individ-
ual splice junctions by HiSeq split reads can be included as an addi-
tional requirement. Spliced reads presenting dubious introns contain-
ing direct short repeats are eliminated, as they may represent spurious
products of RT template switching during cDNA synthesis. Unspliced
reads, on the other hand, must be polyadenylated to pass valida-
tion, in order to remove genomic DNA contamination artifacts. Reads
that passed validation are then merged into non-redundant transcript
models (brown).
CLS introduces an original read merging methodology. This so-called "anchored"
approach (or ARM, for "Anchored Read Merging") aims to preserve all transcripts
with strongly supported internal TSSs and polyadenylation sites (see Figure 4b of
Publication II), and as a result yields ∼54% more TMs than conventional, "Greedy"
Read Merging (GRM) methods (179,993 vs 117,258 TMs across all CLS samples, re-
sonal communication.
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spectively). An example from a recent study demonstrates the relevance of this ap-
proach. Using NET-CAGE (Native Elongating Transcript-CAGE), Hirabayashi and
colleagues were able to clearly detect two alternative promoters in the ZNHIT1 hu-
man locus, separated by ∼500 bp. NET-CAGE data shows that RNA products of
the upstream ("minor") promoter degrade much more rapidly than those emerging
from the downstream ("major") promoter. The authors proceeded to leverage the CLS
ARM annotation generated in the present work to establish that the two promoters
give rise to two distinct transcript isoforms, differing only by the length of their 5’
UTR323. As shown in Figure 17, the isoform generated from the major promoter
would have disappeared from the CLS annotation had we used a GRM procedure.
This testifies to the relevance of the anchored merging approach for downstream ap-
plications, as highlighted here with this study of RNA stability mediated by 5’ UTR
length.
Figure 17: Anchored (ARM) vs greedy (GRM) read merging in the
ZNHIT1 human protein-coding locus. Using NET-CAGE in HeLa
cells, Hirabayashi et al. identify two distinct promoters (depicted as
vertical bars) in this gene: a "major" one (purple) and a "minor" one
(green), corresponding to distinct short and long transcript isoforms,
respectively323. GENCODE v29 annotates only the long transcript iso-
form (top track, blue) in this region, as it relies on the greedy ap-
proach. CLS yields full-length reads overlapping this (untargeted)
locus in HeLa cells (bottom tracks, black). However, a GRM proce-
dure masks the short isoform, by incorporating it into the longer one
("noAnchor-merged" CLS track). In contrast, the ARM transcript set
("anchor-merged" CLS track) preserves both the long and short isoforms
in the final annotation set.
Importantly, third-generation long-read sequencing allowed us to bypass in silico
transcript reconstruction, leading to more accurate TMs. We were able to quantify
that advantage by comparing CLS-derived TMs to transcripts reassembled by the
gold-standard StringTie software78 using matched, deep Illumina HiSeq capture li-
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braries as input. Within targeted lincRNA regions, CLS TMs showed spectacularly
superior quality when compared to StringTie models. Notably, while 4,763 (∼20%)
CLS TMs were deemed full-length, only 116 (∼0.8%) StringTie models exhibited such
characteristic. Our results suggest that this is due to StringTie’s tendency to over-
extend transcript models beyond their true 5’ and 3’ boundaries. Overall, this anal-
ysis unequivocally confirms and quantifies, for the first time, the clear superiority of
TGS over SGS methods in the context of noncoding gene annotation.
In summary, Publication II demonstrates the value of RNA capture coupled
with third-generation long-read PacBio sequencing for annotating the deep tran-
scriptome. CLS matches the quality of manual annotation for a much lower cost,
with the throughput of SGS-based annotation. While RACE-Seq and CLS are here
exploited in the context of lncRNA annotation, applications to any low-abundance
transcript species are possible. For example, both techniques could be used to probe
and delineate the full isoform complement of subsets of protein-coding genes, or
adapted to a wide range of organisms other than human and mouse. In contrast
to RACE-Seq, which relies on single oligonucleotides as probing units, CLS can
efficiently target large genomic regions. It can also be easily scaled up: the latest
commercialized capture kits allow custom designs of up to 100 megabases of tiled
genome sequence 2.
In future implementations, the CLS experimental workflow could benefit from
recent technological improvements. The completeness of cDNAs can be enhanced
through the use of 5’ cap enrichment techniques such as CapTrap – the technique
pioneered at the RIKEN Institute to generate CAGE libraries. Indeed, preliminary re-
sults indicate that CapTrap does boost the completeness rate of CLS transcript mod-
els almost two-fold (data not shown). Employing alternative, non-oligo-dT cDNA
sequencing techniques may also uncover a profusion of non-polyadenylated tran-
scripts, and could help improve the low rate of enhancer RNA detection observed
in the present study. However, such libraries might contain a large proportion of
immature, partially spliced RNAs of little interest to genome annotation.
TGS technologies have also evolved enormously since this project was carried out.
Nanopore technologies offer a democratic, cheaper, but more error-prone alternative
to PacBio sequencing. PacBio, on the other hand, has made substantial improvements
to its product line. Its latest-generation Sequel II platform promises longer reads
without size selection, base accuracy matching that of Illumina HiSeq, and yields of
up to four million reads per run (instead of ∼30,000 with the RS II instrument) for a
2https://sequencing.roche.com/en/products-solutions/by-category/
target-enrichment/hybridization/seqcap-rna-choice.html (September 2019).
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much-reduced per-read cost.
II
An updated view of lncRNA genes
The proper genomic and transcriptomic characterization of lncRNA genes is crucial
to the understanding of their biological roles and regulation. The present work con-
tributes a much-needed, exceptionally detailed – although still preliminary – resource
to investigate the landscape of lncRNA genome biology. Our full-length CLS tran-
script catalog provides the most confident view, to date, of the transcriptional and
post-transcriptional regulation of those genes.
Full-length CLS data shows that lncRNA mature transcripts are likely much
longer than previously assumed (median length: 668 nts in GENCODE v21 vs 1,108
nts in CLS), but slightly shorter than protein-coding transcripts (media length: 1,240
nts observed in CLS). A definitive statement as to the length of lncRNAs based
on CLS would be premature, though, as the read length biases associated with the
PacBio RSII platform may not provide a fully representative picture of the lncRNA
transcriptome.
Like Derrien et al.’s analysis268, CLS confirms that lncRNA splice sites are of sim-
ilar strength compared to those of protein-coding genes. The lncRNAs detected by
CLS are, to a large extent, polyadenylated via canonical sequence signals. Since it
relies on oligo-dT-based cDNA synthesis in its current form, CLS is unfortunately ag-
nostic to non-polyA transcripts, including the majority of enhancer RNAs (see Intro-
duction, Section III.2.1). Hence, by design, CLS still provides an incomplete picture
of long noncoding RNA biogenesis.
A fundamental question is whether expanding the GENCODE lncRNA catalog,
as CLS does, reveals potential, hitherto unannotated open reading frames. We ad-
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dressed this by searching in silico for signatures of coding sequences within the CLS
transcript collection. To this end, we employed two software tools that use distinct,
orthogonal approaches, CPAT (Coding Potential Assessment Tool, which uses an
alignment-free logistic regression model)324 and PhyloCSF (a comparative genomics
method)325. Results from both methods globally concur, and indicate that only a
handful of CLS lncRNAs may code for proteins. It is however possible that none of
these methods are sensitive enough to properly detect very small ORFs sometimes
translated from lncRNAs (see Introduction, Section III.3.2.4). A recently published
approach, based on relating codon frequencies in lncRNA sequences to tRNA abun-
dances in the cell326 may help further clarify the issue of the coding potential of lncR-
NAs.
While our work confirms the overall low evolutionary conservation of lncRNA
exons reported previously, we detect clear signs of evolutionary constraint at some
of their TSSs, even when eliminating bi-directional promoters shared with protein-
coding genes from the data. This immediately suggests a regulatory role for the
lncRNAs under these promoters’ control, possibly through "act-of-transcription" cis
mechanisms (see Introduction, Section III.3.2.4).
The CLS high-confidence TSS collection enabled an extensive characterization
of lncRNA promoters’ epigenomic environment. Using ENCODE ChIP-Seq data in
matched human cell lines (HeLa and K562), and controlling for gene expression lev-
els, we show that lncRNA promoters share similar levels of active chromatin marks
H3K4me3 and H3K9ac (acetylation of histone 3 at lysine 9) as those of protein-coding
genes, contradicting previous reports274,285. This strongly suggests that the observed
differences in these latter studies were at least partly confounded by the 5’ incom-
pleteness of the underlying annotation.
We also report features distinguishing lncRNA from protein-coding promoters.
Intriguingly, our analysis reveals that in HeLa, lncRNA promoters show more ele-
vated levels of CTCF (CCCTC-binding factor) binding, a multitasking DNA-binding
protein involved in transcriptional regulation, gene insulation and three-dimensional
genome organization327. In addition, and as noted elsewhere274,285, lncRNA promot-
ers generally exhibit higher levels of marks associated with repressed chromatin: in
HeLa cells, we detect enriched signals of the H3K9me3 (trimethylation of histone
3 at lysine 9) and H3K27me3 (trimethylation of histone 3 at lysine 27) modifica-
tions around lncRNA promoters – consistent with the concomitantly elevated lev-
els of the EZH2 catalytic subunit of the Polycomb repressive complex 2 (PRC2) that
deposits H3K27me3 marks328,329. The observed coexistence of high levels of some
of these marks specifically in lncRNAs – while they are generally inversely corre-
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lated in protein-coding gene promoters – seems inconsistent, however. For example,
PRC2 has been shown to be inhibited in cis by H3K4me3 marks330, while H3K9ac
and H3K9me3, since they affect the same aminoacid residue, are mutually exclusive
on the same histone molecule – although not on the same nucleosome. It is still
unclear whether these apparently contradictory observations stem from averaging
ChIP-Seq signals across heterogeneous cells and/or across different lncRNA gene
sub-populations, or if they reflect a more biologically relevant mechanism.
III
How far are we from lncRNA annotation
completeness?
The present work substantially expands existing long noncoding RNA annotations,
and constitutes a significant step towards a complete, high-confidence map of lncR-
NAs in the human genome. There is ample evidence, presented in this work and
elsewhere, that this map is nowhere near completion, however.
Publication II presents discovery - saturation curves which indicate that each
step towards deeper sequencing leads to the discovery of more transcripts and
splice junctions, in all interrogated tissues. Importantly, this phenomenon is also
observed for the highest-confidence CLS transcript set and in both captured HiSeq
and PacBio reads, suggesting that this absence of saturation is accounted for by
genuine transcripts. This observation has been made elsewhere, often with much
deeper datasets124,331, and suggests that the noncoding transcriptome is still not fully
sampled, even in targeted transcriptomics studies.
Recently, Deveson et al. used CaptureSeq, coupled with both short- (HiSeq) and
long-read (PacBio RSII) sequencing, to probe the entire human chromosome 21, in-
III. How far are we from lncRNA annotation completeness? 187
cluding both lncRNAs and protein-coding genes. They report what they call "uni-
versal alternative splicing" – i.e., near-infinite combinations of exons into transcript
structures – within lncRNAs, but not in protein-coding genes, where the number of
observed combinations of exons rapidly saturates331. Under this model, reminiscent
of Borges’ Library of Babel story 3, noncoding genes constitute a virtually limitless
reservoir of distinct transcript structures. It remains to be determined whether uni-
versal alternative splicing of noncoding exons is a biologically relevant phenomenon,
or the result of relaxed constraints on largely functionless RNAs. Regardless, it makes
the complete cataloguing of the lncRNA transcriptome a daunting, almost Sisyphean
task (see also the Commentary on this study in Appendix, Additional relevant pub-
lication, page 213).
Publication III332 introduces the concepts of completeness (i.e., fraction of
full-length transcripts), exhaustiveness (i.e., number of isoforms per locus) and
comprehensiveness (i.e., total number of loci) to characterize an annotation set
(Figure 18) 4. We use these metrics to compare various public lncRNA resources
– NONCODE265, MiTranscriptome262, FANTOM CAT266, RefSeq71, GENCODE
v2736, BIGTranscriptome264 and the CLS annotation generated in the present work,
automatically merged into GENCODE ("GENCODE+"). Comprehensiveness and
exhaustiveness are impossible to measure, since the total number of lncRNA iso-
forms and loci is unknown. Nevertheless, a rough, relative estimate of their values
can be obtained for each catalog, by comparing it to its counterparts. To ensure a
fair comparison of their comprehensiveness, and since the definition of a gene locus
varies depending on the resource, we uniformly re-merged all transcripts from each
dataset into loci using an original piece of software (see ’buildLoci’ in Appendix,
Section IV).
What stands out from our analyses, as presented in Publication III, is that the
competing annotation sets show little overlap. Even GENCODE and RefSeq, the
two most widely used reference catalogs, have less than 50% of lncRNA genes in
common. Unsurprisingly, NONCODE, which integrates most of the other resources,
is the most comprehensive, with 67,276 gene loci. Across datasets, we observe a
negative correlation between comprehensiveness and completeness. For example,
the two most comprehensive catalogs, NONCODE and MiTranscriptome, show ex-
tremely large (>91%) proportions of incomplete transcripts, consistent with their be-
ing mainly composed of software-reconstructed gene models. As judged by the
difference between GENCODE and GENCODE+, CLS substantially improves GEN-
3Jorge Luis Borges, Ficciones, 1944.
4Note that outside of this section, these three terms are employed in their more general sense.
188 DISCUSSION
Figure 18: Comprehensiveness, exhaustiveness and completeness of
gene annotation catalogs. In this analysis, transcript models are
deemed full-length if they are bounded by FANTOM CAGE peaks146
and polyadenylation signals284 at their 5’ and 3’ ends, respectively.
CODE lncRNA transcripts’ completeness (bringing it from 13.5% to 24%) and exhaus-
tiveness (from 1.9 to 3.3 isoforms per locus).
With regard to annotation completeness, remarkably, none of the lncRNA
catalogs under scrutiny come close to matching the gold standard of GENCODE
protein-coding genes (53.8%). Recent improvements in cDNA library preparation
and targeted TGS methods (see Section I.2) will likely make this target achievable for
the GENCODE lncRNA catalog in the near future. In terms of number of annotated
loci, GENCODE still lags far behind deep collections such as MiTranscriptome and
NONCODE. Enhancing GENCODE’s comprehensiveness could be accomplished
by applying CLS to the union of all genomic bases covered by the aforementioned
lncRNA resources. It is noteworthy that these resources, like CLS, are mostly
based on oligo-dT cDNA synthesis, and therefore ignore the non-polyadenylated
transcriptome, some of which may be functional333.
Other sources of annotation incompleteness – in the general sense of the word
– are harder to tackle. Subtle fluctuations in gene expression during an organism’s
lifetime may render the detection of transiently expressed transcripts difficult. Re-
cent work has demonstrated the bursty nature of transcription in several organisms,
including mammalians334–336. The interplay between bursty RNA production and
degradation can result in temporary, isolated peaks of gene expression337. As a con-
sequence, since all RNA libraries are essentially a snapshot of the cells’ RNA steady-
state levels, one can speculate that detecting all transcripts, expressed during devel-
opment or under certain physiological conditions, would require a near-infinite num-
ber of biological samplings across developmental time points and conditions. This is,
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of course, largely unfeasible by current – or near-future – standards. Nonetheless,
these issues are beginning to be addressed313,314, and there is hope that the develop-
ment of single-cell RNA-Seq techniques122,338–341 will enable a better representation
of an entire organism’s transcriptome across cell types and conditions.
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Conclusion
The main conclusions of the present work are the following:
1. We introduce the Capture Long-read Sequencing (CLS) approach, a high-
throughput methodology designed to annotate long noncoding RNAs
(lncRNAs) in mammalian genomes. CLS couples RNA capture and third-
generation, long-read sequencing for the first time. We demonstrate that this
method matches manual annotation in quality, while bypassing the costly
and time-consuming bottleneck of human curation. Our data also shows
and quantifies the clear superiority of CLS over short-read-based transcript
assembly methods.
2. Through the application of CLS – and to a lesser extent, RACE-Seq – the
present study substantially improves the quality of the GENCODE reference
long noncoding RNA annotation in the human genome. The CLS methodology
reveals a wealth of novel long noncoding RNA structures, and produces a
much-improved definition of their transcript boundaries. CLS thus provides
a significantly more robust foundation for the functional characterization of
human long noncoding RNAs.
3. CLS enables a confident re-assessment of important lncRNA gene properties:
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• Annotation expansion does not reveal hitherto undetected coding poten-
tial in lncRNAs. Thus, overall, lncRNAs are indeed noncoding.
• Mature lncRNA transcripts are likely much longer than previously antici-
pated, and their length approaches that of protein-coding transcripts.
• The chromatin environment of lncRNA promoters is similar in terms of
activating marks, but is enriched in repressive modifications compared to
that of protein-coding gene promoters.
4. Compared to other public human lncRNA collections, the CLS-augmented
GENCODE lncRNA catalog provides a highly competitive compromise be-
tween accuracy, exhaustiveness (number of annotated transcript isoforms
per locus) and completeness (proportion of full-length transcript models).
However, presumably because CLS focused mainly on already annotated
regions in the present work, GENCODE+ still lacks in exhaustiveness (number
of annotated gene loci).
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I
Supplementary Methods
• Table 2, Figure 7, Figure 10, Table 3: statistics derived from the GENCODE Hu-
man and/or Mouse reference annotations36, versions 21 and M4, respectively
(release: 2014)1.
• Table 2, Figure 7: only protein-coding transcripts with confidently annotated
ends (i.e., not tagged ’mRNA_end_NF’ or ’mRNA_end_NF’) are considered.
• Figure 10: statistics based on gene biotypes only, which are simplified as fol-
lows:
– lncRNA: "antisense", "non_coding", "bidirectional_promoter_lncrna",
"macro_lncRNA", "lincRNA", "processed_transcript", "sense_intronic",
"sense_overlapping"
– protein-coding: "protein_coding", "IG_*", "TR_*"
1https://www.gencodegenes.org
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Supplementary Figures
The following gallery of figures represent UCSC genome browser2 plots342 of a few
lncRNA loci of interest, as annotated by GENCODE in human (hg38 assembly, GEN-
CODE version 29) and mouse (mm10 assembly, GENCODE version M20)36. Exons
are represented as solid blue boxes, with CDSs (when present) thicker. Introns are
depicted as thin arrowed lines, with the direction of the arrows indicating the ge-
nomic strand of transcription. The bottom green track represent sequence conser-
vation scores across vertebrates, as calculated by the PhastCons software based on
whole-genome alignments343. The PhastCons score value can be interpreted as the
probability that a given sequence is conserved according to the underlying phylo-
genetic model, from zero (not conserved, plot baseline) to one (highly conserved,
indicated with a horizontal line).
Figure S1: The Air (a.k.a. AIRN) human locus.
2http://genome.ucsc.edu/
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Figure S2: The Blustr (a.k.a. Gm13261) mouse locus. Note that the
GENCODE transcript model slightly differs from the one reported
in295.
Figure S3: The H19 human locus.
Figure S4: The HOTAIR human locus.
Figure S5: The lincRNA-EPS (a.k.a. Ttc39aos1) mouse locus.
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Figure S6: The MALAT1 human locus.
Figure S7: The NEAT1 human locus.
Figure S8: The NORAD human locus.
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Figure S9: The Upperhand (a.k.a. HANDS2-AS1) human locus.
Figure S10: The Xist human locus.
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Additional relevant publication
Lagarde J, Johnson R. Capturing a long look at our genetic library. Cell Systems 2018
Feb; 6(2):153-155.
URL: https://doi.org/10.1016/j.cels.2018.02.003
This article is an invited commentary on the Deveson et al. study entitled "Univer-
sal Alternative Splicing of Noncoding Exons", published in the same journal issue331. It
was not peer-reviewed.
Abstract:
Long-read sequencing, coupled to cDNA capture, provides an unrivaled view of the tran-
scriptome of chromosome 21, revealing surprises about the splicing of long noncoding RNAs.
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❹❼❿➒ ❷❼➍⑨⑧❸➂❸➇⑩❼❶➐ ⑦⑧ ❷⑨⑩❶ ➋❿❺➃ ❷⑨❼
➂❼⑧➇❷⑨ ❸➀ ➳❿➍➁⑩❸ ⑩❶ ⑨❿❹⑧❼❶❶❼➒ ❷❸
➉❿➎ ❼➔❸⑧ ➍❸⑧⑧❼➍❷⑩➌⑩❷❺➃ ➋⑨⑩➂❼ ➒❼❼➎❼❹
❶⑨❸❹❷ ❹❼❿➒❶ ➍❿⑧ ❿➍➍➈❹❿❷❼➂❺ ➯➈❿⑧❷⑩➀❺
❼➔➎❹❼❶❶⑩❸⑧ ❿⑧➒ ❶➎➂⑩➍⑩⑧➇➐ ➢ ❶⑩➉⑩➂❿❹
❿➎➎❹❸❿➍⑨ ➋❿❶ ❹❼➍❼⑧❷➂❺ ❼➉➎➂❸❺❼➒ ❾❺
❷⑨❼ ➱➑➡➨✃➩➑ ➍❸⑧❶❸❹❷⑩➈➉ ❷❸ ⑩➉➎❹❸➌❼
❿⑧⑧❸❷❿❷⑩❸⑧ ❸➀ ➊⑧❸➋⑧ ➂⑧➍➠➡➢❶ ➤❽❿➇❿❹➒❼
❼❷ ❿➂➐➃ ➦➫➧➼➥➐
➁❺➍❸➈➎➂⑩⑧➇ ❷⑨⑩❹➒➏➇❼⑧❼❹❿❷⑩❸⑧❶❼➯➈❼⑧➍⑩⑧➇
❷❸ ➍➩➡➢ ➍❿➎❷➈❹❼➃ ❷⑨❼ ❿➈❷⑨❸❹❶ ➎❹❸➒➈➍❼
❸⑧❼ ❸➀ ❷⑨❼ ➒❼❼➎❼❶❷ ❼➌❼❹ ❷❹❿⑧❶➍❹⑩➎❷⑩❸⑧❿➂
➉❿➎❶ ❸➀ ❿ ⑨➈➉❿⑧ ➍⑨❹❸➉❸❶❸➉❼➐ ❻⑨❼❺
❹❼➎❸❹❷ ❿ ➒❿❷❿❶❼❷ ❸➀ ➺➭➼➃➫➦❐ ❹❼❿➒❶ ➀❹❸➉
❒➚❮➦ ➍❼➂➂❶ ❿⑧➒ ❷❼❶❷⑩❶➃ ❹❼➌❼❿➂⑩⑧➇ ❿➂❷❸➇❼❷⑨❼❹
➧➃➚➭❐ ➂⑧➍➠➡➢ ❷❹❿⑧❶➍❹⑩➎❷ ➉❸➒❼➂❶➐ ➢➎➎❹❸➔⑩➏
➉❿❷❼➂❺ ⑨❿➂➀ ❸➀ ⑩➒❼⑧❷⑩➵❼➒ ❼➔❸⑧❶ ❿❹❼ ⑧❸➌❼➂➐
➓⑩➉➈➂❿❷⑩❸⑧ ❼➔➎❼❹⑩➉❼⑧❷❶ ❶➈➇➇❼❶❷ ❷⑨❿❷➃ ❿❷
➂❼❿❶❷ ⑩⑧ ❷⑨❼ ❷⑩❶❶➈❼ ➎❿⑧❼➂ ❶❿➉➎➂❼➒➃ ❷⑨❼
⑧➈➉❾❼❹ ❸➀ ➍❿❷❿➂❸➇❼➒ ❼➔❸⑧❶ ⑩❶ ❿➎➎❹❸❿➍⑨➏
⑩⑧➇ ❶❿❷➈❹❿❷⑩❸⑧➐
❻⑨❼❶❼ ➍❸⑧➵➒❼⑧❷ ❷❹❿⑧❶➍❹⑩➎❷ ➉❸➒❼➂❶
❼⑧❿❾➂❼ ➈❶ ❷❸ ❹❼➌⑩❶⑩❷ ❸➂➒ ➯➈❼❶❷⑩❸⑧❶ ❿❾❸➈❷
➂⑧➍➠➡➢❶➃ ❿❶ ➋❼➂➂ ❿❶ ➀❸❹➉➈➂❿❷❼ ➍❸➉➎➂❼❷❼➂❺
⑧❼➋ ❸⑧❼❶➐ ❰❸❹ ❼➔❿➉➎➂❼➃ ➋❼ ➍❿⑧ ❿❶➊ ❷❸
➋⑨❿❷ ❼➔❷❼⑧❷ ➂⑧➍➠➡➢ ➇❼⑧❼❶ ❸❹ ➎❹❸➒➈➍❷❶
➒⑩➀➀❼❹ ➀❹❸➉ ➎❹❸❷❼⑩⑧➏➍❸➒⑩⑧➇ ➇❼⑧❼❶→❷⑨❼
❿⑧❶➋❼❹ ❶❼❼➉❶ ❷❸ ❾❼ ❶➈❹➎❹⑩❶⑩⑧➇➂❺ ➂⑩❷❷➂❼ ➤❽❿➏
➇❿❹➒❼ ❼❷ ❿➂➐➃ ➦➫➧➼➥➐ ⑦⑧ ❷❼❹➉❶ ❸➀ ➉❿❷➈❹❼
➂❼⑧➇❷⑨➃ ❸❹ ➎❹❸➉❸❷❼❹ ➍⑨❹❸➉❿❷⑩⑧➃ ➎❹❼➌⑩❸➈❶➂❺
❸❾❶❼❹➌❼➒ ➒⑩➀➀❼❹❼⑧➍❼❶ ➒❸⑧➄❷ ⑨❸➂➒ ➈➎ ❷❸
❶➍❹➈❷⑩⑧❺ ❿➀➀❸❹➒❼➒ ❾❺ ➀➈➂➂➏➂❼⑧➇❷⑨ ❶❷❹➈➍➏
❷➈❹❼❶➐ ⑦⑧ ❿➒➒⑩❷⑩❸⑧ ❿❹❼ ➉❺❹⑩❿➒ ⑩⑧❶❷❿⑧➍❼❶
➋⑨❼❹❼ ⑩⑧➍❸❹❹❼➍❷ ➇❼⑧❼ ❿⑧⑧❸❷❿❷⑩❸⑧❶ ❿❹❼
❼➔❷❼⑧➒❼➒ ❷❸ ❷⑨❼⑩❹ ➀➈➂➂ ➂❼⑧➇❷⑨ ❸❹ ➋⑨❼⑧
❶❼➎❿❹❿❷❼ ➀❹❿➇➉❼⑧❷❿❹❺ ❿⑧⑧❸❷❿❷⑩❸⑧❶ ❿❹❼
➈⑧⑩❷❼➒ ❷❸ ➀❸❹➉ ❿ ❶⑩⑧➇➂❼➃ ➍❸❹❹❼➍❷ ➇❼⑧❼
➉❸➒❼➂ ➤❽❿➇❿❹➒❼ ❼❷ ❿➂➐➃ ➦➫➧➼➻ ➩❼➌❼❶❸⑧
❼❷ ❿➂➐➃ ➦➫➧➭➥➐
➩❼➌❼❶❸⑧ ❼❷ ❿➂➐ ❼➔❷❼⑧➒ ❷⑨❼❶❼ ❸❾❶❼❹➌❿➏
❷⑩❸⑧❶ ❷❸ ❶➎➂⑩➍⑩⑧➇➐ ⑦❷ ⑩❶ ➊⑧❸➋⑧ ❷⑨❿❷ ➂⑧➍➠➡➢
❶➎➂⑩➍⑩⑧➇ ❼➔⑨⑩❾⑩❷❶ ❶❸➉❼ ➒⑩❶❷⑩⑧➍❷ ➎❹❸➎❼❹➏
❷⑩❼❶ ➍❸➉➎❿❹❼➒ ❷❸ ➍❸➒⑩⑧➇ ➇❼⑧❼❶➲ ⑩❷ ⑩❶
➂❼❶❶ ❼➀➵➍⑩❼⑧❷ ➤❻⑩➂➇⑧❼❹ ❼❷ ❿➂➐➃ ➦➫➧➦➥➃ ❿⑧➒
❷⑨❼⑩❹ ❶➎➂⑩➍❼ ❶⑩❷❼❶ ❿❹❼ ➂❼❶❶ ➍❸⑧❶❼❹➌❼➒
➤➡⑩❷❶➍⑨❼ ❼❷ ❿➂➐➃ ➦➫➧➚➥➐ ➁➈❷ ⑧❸➋➃ ➩❼➌❼❶❸⑧
❼❷ ❿➂➐ ⑨❿➌❼ ⑩➒❼⑧❷⑩➵❼➒ ❿⑧❸❷⑨❼❹ ➎❸❷❼⑧➏
❷⑩❿➂➂❺ ➉❸❹❼ ⑩⑧❷❼❹❼❶❷⑩⑧➇ ⑨❿➂➂➉❿❹➊ ❸➀
➂⑧➍➠➡➢➲ ⑨⑩➇⑨ ❹❿❷❼ ❸➀ ❿➂❷❼❹⑧❿❷⑩➌❼ ❶➎➂⑩➍⑩⑧➇➐
➨❸➉➎❿❹⑩⑧➇ ❷⑨❼ ➅➅➎❼❹➍❼⑧❷ ❶➎➂⑩➍❼➒ ⑩⑧➄➄
➤➳➓⑦➥➃ ❿ ➉❼❿❶➈❹❼ ❸➀ ➀❹❼➯➈❼⑧➍❺ ➋⑩❷⑨
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➋⑨⑩➍⑨ ❼➔❸⑧❶ ❿❹❼ ⑩⑧➍➂➈➒❼➒ ⑩⑧ ❷❹❿⑧❶➍❹⑩➎❷❶➃
❷⑨❼❺ ❶⑨❸➋ ❷⑨❿❷ ➂⑧➍➠➡➢ ❼➔❸⑧❶ ❷❼⑧➒ ❷❸ ❾❼
❿➂❷❼❹⑧❿❷⑩➌❼ ➀❿❹ ➉❸❹❼ ❷⑨❿⑧ ❷⑨❸❶❼ ❸➀ ➍❸➒⑩⑧➇
➇❼⑧❼❶➐ ⑦⑧ ❸❷⑨❼❹ ➋❸❹➒❶➃ ❿ ➇⑩➌❼⑧ ➂⑧➍➠➡➢
❷❹❿⑧❶➍❹⑩➎❷ ❷❼⑧➒❶ ❷❸ ➍⑨❸❸❶❼ ➸➈❶❷ ❿ ❶➈❾❶❼❷
❸➀ ❿➌❿⑩➂❿❾➂❼ ❼➔❸⑧❶➐ ❻⑨❼ ❿➈❷⑨❸❹❶ ⑧❿➉❼
❷⑨⑩❶ ➅➅➈⑧⑩➌❼❹❶❿➂ ❿➂❷❼❹⑧❿❷⑩➌❼ ❶➎➂⑩➍⑩⑧➇➐➄➄
➽⑧⑩➌❼❹❶❿➂ ❿➂❷❼❹⑧❿❷⑩➌❼ ❶➎➂⑩➍⑩⑧➇➃ ⑩➀ ➌❿➂⑩➏
➒❿❷❼➒➃ ➍❸➈➂➒ ⑨❿➌❼ ➎❹❸➀❸➈⑧➒ ⑩➉➎➂⑩➍❿❷⑩❸⑧❶
➀❸❹ ❸➈❹ ➈⑧➒❼❹❶❷❿⑧➒⑩⑧➇ ❸➀ ➂⑧➍➠➡➢ ➀➈⑧➍➏
❷⑩❸⑧❶➐ ❽⑧➍➠➡➢❶ ❿❹❼ ❷⑨❸➈➇⑨❷ ❷❸ ❾❼
➉❸➒➈➂❿❹➲ ➍❸➉➎❸❶❼➒ ❸➀ ➍❸➉❾⑩⑧❿❷⑩❸⑧❶ ❸➀
➀➈⑧➍❷⑩❸⑧❿➂ ❼➂❼➉❼⑧❷❶ ❿⑧➒ ❿⑧❿➂❸➇❸➈❶ ❷❸
➎❹❸❷❼⑩⑧ ➒❸➉❿⑩⑧❶ ➤➱➈❷❷➉❿⑧ ❿⑧➒ ➠⑩⑧⑧➃
➦➫➧➦➥➐ ❻⑨❼❹❼ ⑩❶ ➇❹❸➋⑩⑧➇ ⑩⑧❷❼❹❼❶❷ ⑩⑧ ⑩➒❼⑧❷⑩➏
➀❺⑩⑧➇ ❶➈➍⑨ ❼➂❼➉❼⑧❷❶➃ ❾➈❷ ❶❸ ➀❿❹➃ ❹❼➂❿❷⑩➌❼➂❺
➀❼➋ ❿❹❼ ➊⑧❸➋⑧ ➤➟❿❹▼➫⑧➏➁❼
➫
➸❿❹ ❼❷ ❿➂➐➃ ➦➫➧➼➥➐
❻⑨❼ ➒⑩➀➀❼❹❼⑧❷⑩❿➂ ⑩⑧➍➂➈❶⑩❸⑧ ❸➀ ❶➈➍⑨ ❼➂❼➏
➉❼⑧❷❶ ❷⑨❹❸➈➇⑨ ❼➔❸⑧ ❶➎➂⑩➍⑩⑧➇ ➍❸➈➂➒ ❾❼
❿ ➉❼➍⑨❿⑧⑩❶➉ ❸➀ ➎❹❸➒➈➍⑩⑧➇ ➂⑧➍➠➡➢❶
➋⑩❷⑨ ➒⑩➌❼❹❶❼ ➀➈⑧➍❷⑩❸⑧❶ ➤❰⑩➇➈❹❼ ➧➥➐ ⑦⑧➒❼❼➒➃
➋⑩❷⑨❸➈❷ ❷⑨❼ ➍❸⑧❶❷❹❿⑩⑧❷ ❷❸ ➉❿⑩⑧❷❿⑩⑧ ❿⑧
❸➎❼⑧ ❹❼❿➒⑩⑧➇ ➀❹❿➉❼➃ ➂⑧➍➠➡➢❶ ➍❸➈➂➒
❼➔➎➂❸⑩❷ ❷⑨⑩❶ ➉❼➍⑨❿⑧⑩❶➉ ➉❸❹❼ ➀❹❼❼➂❺
❷⑨❿⑧ ➉➠➡➢❶➐
✃➀ ➍❸➈❹❶❼➃ ❿❶ ⑩❶ ❸➀❷❼⑧ ❷⑨❼ ➍❿❶❼ ➀❸❹
➂⑧➍➠➡➢❶➃ ❸⑧❼ ➍❿⑧ ⑩⑧❷❼❹➎❹❼❷ ➉❸❶❷ ❸❾❶❼❹➏
➌❿❷⑩❸⑧❶ ❼➯➈❿➂➂❺ ❿❶ ❼➌⑩➒❼⑧➍❼ ➀❸❹ ➀➈⑧➍❷⑩❸⑧
❸❹ ❷⑨❼ ➂❿➍➊ ❸➀ ➀➈⑧➍❷⑩❸⑧➐ ➩❸❼❶ ➋⑩➒❼❶➎❹❼❿➒
❿➂❷❼❹⑧❿❷⑩➌❼ ❶➎➂⑩➍⑩⑧➇ ❹❼➾❼➍❷ ➉❸➒➈➂❿❹⑩❷❺➃ ❸❹
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Relevant software written by the author
• LR-Seq
– Description: Full Snakemake344 CLS bioinformatics analysis workflow.
– URL: https://github.com/julienlag/LR-Seq
• anchorTranscriptsEnds
– Description: Prepare a GTF file of mapped transcriptome reads for an-
chored transcript merging
– URL: https://github.com/julienlag/anchorTranscriptsEnds
• buildLoci
– Description: Automatically build gene loci out of sets of overlapping tran-
scripts
– URL: https://github.com/julienlag/buildLoci
• matchDistribution
– Description: Given distinct "subject" (S) and a "target" (T) distributions,
this script attempts to mimic T’s density by pseudo-randomly sampling
from S’s population.
– URL: https://github.com/julienlag/matchDistribution
• samToPolyA
– Description: Call polyA sites based on genome alignments in SAM format
– URL: https://github.com/julienlag/samToPolyA
• tmerge
– Description: Merge transcriptome read-to-genome alignments into non-
redundant transcript models
– URL: https://github.com/julienlag/tmerge
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Image credits
• Cover design by the author. Photograph taken inside Gaudí’s Basílica de la
Sagrada Família, Barcelona, by the author3.
• Figure 2 contains graphic elements from Wikimedia4, licensed under the Cre-
ative Commons Attribution-Share Alike 4.0 International license5.
• Figure 5 contains graphic elements from Wikimedia6, licensed under the Cre-
ative Commons Attribution-Share Alike 3.0 Unported license7.
3https://flic.kr/p/5BZamS
4https://commons.wikimedia.org/wiki/File:Metabolic_Metro_Map.svg
5https://creativecommons.org/licenses/by-sa/4.0/deed.en
6https://commons.wikimedia.org/wiki/File:Top7.png
7https://creativecommons.org/licenses/by-sa/3.0/deed.en
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Miscellaneous
The present work was carried out using only Free and Open Source Software, under
the Ubuntu Linux operating system8. The LATEX source code of this Thesis, together
with source images, relevant scripts and the PDF version of the document are avail-
able online9 under the Creative Commons Attribution-NonCommercial-ShareAlike
4.0 International (CC BY-NC-SA 4.0)10. All original figures were produced with
Inkscape11 and R12 / ggplot213. LATEX code was edited using Texmaker14, with
Zotero15 as the reference manager.
Contact: julienlag@gmail.com
8https://www.ubuntu.com/
9https://public-docs.crg.es/rguigo/jlagarde/PhD or QR code above
10https://creativecommons.org/licenses/by-nc-sa/4.0/
11https://inkscape.org/
12https://www.r-project.org/
13https://ggplot2.tidyverse.org/
14https://www.xm1math.net/texmaker/
15https://www.zotero.org/
